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Living organisms are under selection not only for one, but also for several 
inheritable characters at the same time. Well-sampled and well-supported 
phylogenies are necessary for the studies of character evolution and their history. 
The poison frogs (Dendrobatidae) are a well-known example of aposemati m in 
anurans. They include ~270 species of Neotropical frogs with aposematic (toxic 
and conspicuous) and non-defended (palatable and cryptic) species. The origin of 
aposematism in poison frogs is puzzling, because of its predicted low probability 
of establishment due to the prey's increased conspicuousness. Previous studie
suggested a single origin of toxicity and warning coloration. By expanding taxon 
sampling of the group, I reexamined the phylogenetic correlation between the 
origins of toxicity and warning coloration. I found four or five independent 
origins of aposematism; by using simulations, I rejected hypotheses of one, two, 
 ix 
or three origins of aposematism (P < 0.002). I also found that diet specialization is 
linked with the evolution of aposematism and has evolved independently at least 
two times. Poison frogs are endemic to the Neotropic, which is one of the Earth's 
largest reservoir of biodiversity. I reconstructed the biogeography of the poison 
frog clade and rejected an Amazonian center-of-origin in favor of a model 
expanding over the Neotropics. I inferred 14 dispersals into and 18 out of 
Amazonia to adjacent regions; the Andes were the major source of dispersals into 
Amazonia. Significant percentage of dendrobatid diversity in Amazoni  and 
Chocó resulted from repeated immigrations, with radiations at <10.0 million years 
ago. In contrast, the Andes, Venezuelan Highlands, and Guiana Shield have 
undergone extended in situ diversification at near constant rate sincethe 
Oligocene. Poison frogs have significant variation on their physiological 
characteristics. I measured resting and active metabolic rates of 54 species. I 
traced metabolic measurements along aposematism, diet specialization, molecular 
rates, and body mass. I found a synergistic and co-adapted functionality f active 
metabolic rates with all previous traits that is perhaps the consequence of the 
increase in complexity in most biological systems. My thesis ha  expanded the 
knowledge of the biology, phylogenetic history, and biogeography of the poison 
frogs. 
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Figure 4.3: Box plots of the tip-to-root branch length and phylograms from 
the codon positions, nonsynonymous (dN) and synonymous (dS) 
substitution distances of the mitochondrial and nuclear loci. 
Codon positions for the mitochondrial loci correspond to the 
CYTB and ND2 combined sequence matrices. Codon positions 
for the nuclear loci are for the all genes combined sequence 
matrices. Blue boxplots and branches with stars on their tips 
represent a species with high aerobic scope (positive residuals) 
determined after regressing Scope with body mass. White 
boxplots and black branches represent a species with low aerobic 
scope (negative residuals). Arrow indicates the position of the 
root of the tree. ............................................................................... 159 
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Chapter 1: Multiple, recurring origins of aposematism and diet 
specialization in poison frogs  
INTRODUCTION 
Aposematism is the association, in a prey organism, of the presnc  of a 
warning signal with unprofitability to predators. The origin of aposematism is 
puzzling, because of its predicted low probability of establishment in a population 
due to the prey's increased conspicuousness. Aposematism is a widespread trait in 
invertebrate taxa, but, in vertebrates, it is mostly evident in amphibians, reptiles, 
and fishes. Poison frogs (Dendrobatidae) are one of the most well known 
examples of the co-occurrence of warning coloration and toxicity. This 
monophyletic group of mostly diurnal leaf-litter Neotropical anurans ha  both 
toxic/colorful and palatable/cryptic species. Previous studies sugge ted a single 
origin of toxicity and warning coloration, dividing the family in two discrete 
groups of primitively cryptic and more derived aposematic frogs. Recent 
molecular phylogenetic analyses using mostly aposematic taxa supported this 
conclusion and proposed a single tandem origin of toxicity and conspicuous 
warning coloration. By using expanded taxon and character sampling, we 
reexamined the phylogenetic correlation between the origins of toxicity and 
warning coloration. At least four or five independent origins of aposematis  have 
occurred within poison frogs; by using simulations, we rejected hypoteses of 
one, two, or three origins of aposematism (P < 0.002). We also found that iet 
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specialization is linked with the evolution of aposematism. Specialization on prey, 
such as ants and termites, may have evolved independently at least two times. 
Warning signals may inform a predator that the intended prey is tox c, 
unpalatable, or generally not worth the predator's effort. The association of 
unprofitability with a warning signal, such as bright or conspicuous coloration, is 
known as aposematism. Its evolutionary origin has posed a conundrum since the 
time of Wallace and Darwin (Mallet and Joron 1999). Although aposematis  
evolves as a predator deterrent, its chance of establishment in a population is 
predicted to be low, because it would lead to an increased probability of predation 
(Yachi and Higashi 1998). Aposematism exists in many invertebrates, fishes, 
amphibians, snakes, and birds (Komárek 1998). Models proposed to explain the 
origin of aposematism (e.g., individual selection versus kin selection, 
gregariousness, greenbeard selection) treat trait evolution at only he population 
level (Fisher 1958; Guilford 1988; Lindström et al. 1999; Servedio 2000). In 
contrast, a phylogenetic perspective can provide evidence for the likelihood of 
historical patterns of trait evolution (e.g., does toxicity always evolv  before 
conspicuousness?), but this approach has rarely been examined (Guilford 1988) 
(Harlin and Harlin 2003; Sillén-Tullberg 1988). 
Well supported and well sampled phylogenies are fundamental for 
comparative biology, and reliable inferences should likely be derived from them 
(Harlin and Harlin 2003) (Felsenstein 1985). Ancestral character states, and their 
order of appearance (i.e., character mapping), can be mistakenly reconstructed if 
taxon sampling is not comprehensive (Pollock et al. 2002). Although most 
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analyses of aposematism perform tests for predator deterrence bas d on 
hypotheses of current utility only, aposematism can be defined within a storical 
context as the consecutive or prior occurrence of unpalatability, relative to 
conspicuousness (Harlin and Harlin 2003). The addition of a phylogenetic 
framework in these tests would facilitate the identification of the sequences of 
evolutionary transformations in these traits. 
Poison frogs (Dendrobatidae) are a well supported monophyletic group 
(±210 species) distributed in tropical South and Central America (Ford and 
Cannatella 1993). The family includes both aposematic and cryptic specie , all of 
which are diurnal, with Aromobates nocturnus being the one exception (Myers et 
al. 1991). Some species (primarily Dendrobates, Phyllobates, and Epipedobates) 
are brightly colored and possess toxic, lipophilic skin alkaloids (Daly et al. 1999). 
Some of these substances are of biomedical importance (Daly et l. 2000b), and 
their source is probably dietary (Daly et al. 2002). Other species (e.g., 
Colostethus, Mannophryne, and Nephelobates) are cryptic and nontoxic, lacking 
lipophilic skin alkaloids, as far as is known (Myers et al. 1991) (Coloma 1995; 
Daly 1998). Based on the assumption that structurally complex biochemical 
compounds are difficult to evolve, the possession of alkaloids was believed to 
have originated once in dendrobatids (Myers et al. 1991). Phylogenetic a alyses 
of characters other than DNA (Myers et al. 1995; Myers et al. 1991) also 
proposed a single origin of toxicity. These findings were supported by an analysis 
of DNA sequences (Clough and Summers 2000), although other smaller datasets 
(Vences et al. 2000) had suggested the possibility of convergence. Here we show, 
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based on a more comprehensive taxon sample, that the association of conspicuous 
bright coloration and toxicity appeared not once, but several times, within poison 
frogs. 
Aposematic species (Dendrobates, Phyllobates, and some Epipedobates) 
eat mostly ants, termites, and mites (Caldwell 1996; Toft 1981; Toft 1995). Some 
Dendrobates exclusively eat ants or mites and reject other available prey (Toft 
1995). The majority of cryptic species (Colostethus) eat diverse prey (Caldwell 
1996), mostly everything available that is the right size. Natural history and 
ecological studies suggest that higher degrees of toxicity and toxin diversity are 
directly associated with a specialized diet (Daly et al. 2002), which has been 
assumed to have evolved only once within dendrobatids (Caldwell 1996; Toft 
1995). Here we present evidence that diet specialization has occurred mo  than 
once, and is tightly associated with the multiple origins of conspicuousness and 
toxicity. 
 
MATERIALS AND METHODS 
Phylogeny Estimation 
We sampled a broadly representative group of cryptic and aposematic 
dendrobatids. We sequenced 56 samples, of which six were outgroups [B fo 
variegatus (Bufonidae), Centrolene grandisonae (Centrolenidae), Pseudacris 
regilla (Hylidae), Pseudis paradoxa (Pseudidae), Telmatobius niger, and 
Adenomera sp. (Leptodactylidae); for brevity, these samples are not shown on the 
phylogenetic trees]. The remaining 50 samples represented 38 specie  of 
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dendrobatids from most species groups of Colostethus. Taxonomically, we 
include Minyobates within Dendrobates, and Phobobates in Epipedobates 
(Clough and Summers 2000). These data included 2,298 characters from the 
entire 12S, tRNA-val, and almost all of the 16S mitochondrial genes. These data 
were combined with 22 dendrobatid sequences from GenBank, most of which 
consist of 900 bases that are completely overlapped by our data. Specimen 
museum numbers, collection localities, lists of primers used, and GenBank 
accession nos. can be seen in Tables 1 and 2, which are published as supporting 
information (Santos et al. 2003). 
Preliminary alignment was done with clustalx (Thompson et al. 1997). 
The ambiguously aligned regions were realigned under various paramete s of 
clustalx, and were finally adjusted by eye to produce a parsimonious alignment; 
thus, informative sites were minimized. Hypothesized secondary structure 
diagrams from the Comparative RNA web site (www.rna.icmb.utexas.edu) were 
consulted to optimize alignments. We analyzed four configurations of the data 
under parsimony by using paup* (Swofford 2000); a combination of both 
datasets; (i) including and (ii) excluding regions of doubtful alignment (248 base 
pairs); (iii) a reduced-character dataset with only the GenBank regions common to 
all taxa (900 base pairs); and (iv) a reduced-taxon dataset usingonly our 
sequences. All shorter GenBank sequences were omitted, as were as the 
unalignable characters. Likelihood and Bayesian analyses (Huelsenbeck 1991) 
were performed by using configuration ii. By using a hierarchical test of models 
(Posada and Crandall 1998) the best fitting model was found to be GTR+G+I, and 
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parameters for this model were estimated during the likelihood search. In the 
Bayesian analysis, model parameters were also estimated during the run with 
starting default values of the 10 Markov chains with 0.2 as the value of the 
exponential prior. Four independent mrbayes runs were executed; each used a 
random starting tree for 1 million generations and sampled every 10 generations, 
resulting in 100,000 sampled trees. We determined whether the Markov chains 
had reached stationarity by examining plots of likelihood scores of sampled trees 
against generation time. Log-likelihood scores for the sampled trees stabilized 
after 60,000 generations. The first 10,000 trees sampled were discarded, n  the 
posterior probabilities were estimated with the remaining trees. The posterior 
probability of each bipartition was calculated by using a majorityrule consensus 
tree of the retained trees. A clade was considered significantly supported if its 
posterior probability was ≥95%. All four Bayesian runs produced concordant 
results. Parsimony and likelihood analyses yielded almost identical trees. 
 
Hypothesis Testing  
For testing hypotheses of multiple origins of aposematism, we compared 
the optimal tree (alternative hypothesis) to trees constrained to represent null 
hypotheses of one, two, three, and four origins of conspicuous coloration. 
Sequence evolution parameters were estimated by using maximum likelihood 
under the GTR+G+I model. We used parametric bootstrapping procedures 
(Swofford et al. 1996) to evaluate 500 simulated datasets generated by using seq-
gen 1.2.5 (Rambaut and Grassly 1997) for each test. Because the GenBank 
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sequences were shorter than our sequences (i.e., 900 vs. 2,298 base pairs), only 
the regions in common (configuration iii above) were used. Thus, the 
bootstrapping tests are more conservative; with fewer data, the null hypothesis is 
more difficult to reject (Huelsenbeck et al. 1996). 
Phylogenetic analysis with no topological constraints indicated five
origins of bright coloration. This tree was compared with other topologies that 
were constrained to have various number of origins (null hypotheses). For the 
hypothesis of a single origin, all brightly colored species were constrained to be 
an exclusive clade. For the hypothesis of two origins, all possible constraints 
using pairwise combinations of the five brightly colored clades were evaluated, 
and the shortest resulting tree (i.e., the one least likely to reject the null 
hypothesis) was used (one constraint for Dendrobates plus Phyllobates and a 
second for all other brightly colored species). The constraints for three and four 
origins were determined in a similar fashion by using combinations of three and 
four clades. 
To infer the presence of aposematism, a correlation between conspicuous 
coloration and toxicity was tested by using the concentrated changes test in 
macclade 4.0 (Maddison and Maddison 2000). The reconstructed changes of th  
two traits (conspicuous coloration and presence of toxins) on the optimal tree 
were compared with a null distribution from 10,000 simulated datasets. B cause 
there is some disagreement as to whether certain species are “conspicuously” 
colored, we repeated the correlated changes tests under three criteria: (i) the 
presence of obvious bright coloration on the exposed surfaces; (ii) a published 
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table of coloration scores (Summers and Clough 2001) for 21 species, with 
interpolation of additional species based on our field experience with these 
animals in life, by using field notes and photographs; and (iii) a traditional 
taxonomic definition, in which species of Dendrobates, Phyllobates, Allobates, 
Cryptophyllobates, and Epipedobates are scored as conspicuous, and species of 
Colostethus are scored as cryptic (Santos et al. 2003). The different criteria 
affected three species (Allobates femoralis, Epipedobates boulengeri, and 
Epipedobates sp. F), but the results of the correlation tests were the same 
regardless of which definition of conspicuous coloration was used. 
 
RESULTS 
 The results of parsimony, likelihood, and Bayesian analyses were highly 
concordant, and four well supported clades were identified (Fig. 1a, clades A–D), 
each with conspicuously colored species. On the parsimony topology (Fig. 1), the 
most-parsimonious reconstruction shows five independent origins of warning 
coloration (species names are bold). A less-parsimonious reconstruction of six 
changes requires three origins and three losses. On the likelihood and Bayesian 
topologies (Fig. 2) the reconstruction also requires five origins (shown as gray 
boxes); a less-parsimonious reconstruction under the assumption of no losses 
requires seven origins. 
With the exception of Cryptophyllobates azureiventris, for which no data 
on toxins are available, each group of conspicuously colored species in ludes 
species with toxic skin alkaloids (Santos et al. 2003). The correlated changes test 
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indicates that the independent appearances of conspicuous coloration and skin 
alkaloids are significantly correlated (P < 0.001), even though data on toxins are 
missing for many of the cryptic species. Thus, we conclude that aposemati m 
(i.e., an association between defense and warning coloration) evolved de novo 
four (and probably five) times; this result is independent of the thre criteria used 
to characterize species as conspicuous. 
By using parametric bootstrapping, we tested whether the tree requiring 
five origins of aposematism (null hypothesis) could be distinguished from a tree 
with fewer origins. The null hypothesis was rejected at P < 0.002 for each 
hypothesis of one, two, or three origins. In each case, the observed tree-length 
difference was >10 steps longer than the greatest difference from the simulated 
data. We could not reject the four origins of aposematism (P = 0.782), indicating 
that the two observed origins of aposematism in the Epipedobates group within 
clade C (Fig. 1) cannot be statistically distinguished from one origin. However, 
the reduced dataset of 900 base pairs used for the simulations diminishes the 
power of these tests. More extensive analyses, including more Epipedobates 
species and more complete sequences, would be needed to distinguish between 
four or five independent origins of aposematism within the poison frogs. 
The hypothesis of multiple origins of aposematism is more robust than 
previous hypotheses, because we sampled a broad array of cryptically colored 
species from throughout the taxonomic diversity of the family. If only aposematic 
species are analyzed, almost no differences exist between our tree and that of a 
previous study (Clough and Summers 2000) (compare Fig. 1 a and b). Also, the 
 10 
current taxonomy is misleading, with respect to evolutionary relationships, 
because it relied on bright coloration as a diagnostic character. Colostethus, a 
group of inconspicuous species, is paraphyletic with respect to Allobates, 
Cryptophyllobates, and Epipedobates, with the latter being a polyphyletic 
assemblage of independent aposematic lineages. Previously, C. azureiventris 
(Lötters et al. 2000) was considered to be an Epipedobates. The extensive 
polyphyly of Epipedobates can be reduced by transferring Epipedobates zaparo 
(clade A) to Allobates; thus, the name is Allobates zaparo (new combination). 
However, Colostethus remains grossly paraphyletic; reducing the degree of 
polyphyly of Epipedobates by recognizing Allobates and Cryptophyllobates is but 
a transitional solution toward a classification of dendrobatids based sol ly on 
monophyletic taxa. Notwithstanding these taxonomic changes, the remaining 
Epipedobates pecies in clade C are not monophyletic. Resolution of this clade is 
crucial for the Linnean taxonomy of dendrobatids, because it contains the type 
species of Epipedobates (tricolor) and may also contain the type species of 
Colostethus (latinasus), based on morphological similarity (Coloma 1995). Given 
the current lack of molecular data on the position of C lostethus latinasus, a 
wholesale revision of poison frog taxonomy is beyond the scope of this paper. 
A striking feature of the multiple origins is that they occur on different 
time scales, indicating recurring origins through evolutionary history. 
Aposematism had a single ancient origin at the base of clade D (D ndrobates plus 
Phyllobates) and was not lost in any descendants in this clade. Alkaloid data are 
available for most species in this clade, and all are toxic. The ot r origins of 
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aposematism are much more recent. For example, sequence divergence 
(uncorrected p-distance) between the cryptically colored Colostethus machalilla 
and its toxic, bright red sister species Epipedobates tricolor (Fig. 2) is a mere 0.9–
1.0%. The latter species is the natural source of epibatidine, an alkaloid that is an 
opioid analgesic (Daly 1998). In contrast, divergence in the same genes is 1.7–
5.7% among five well differentiated and strikingly variable and brightly colored 
species of the Dendrobates pumilio group (Fig. 1). Such low genetic divergence is 
not necessarily inconsistent with extreme color divergence, because olor pattern 
in some model organisms is controlled by very few genes (Koch et al. 2000). 
Nonetheless, the low genetic divergence suggests the microevolutionary lability 
of defensive signals and toxicity in these frogs. 
A significant correlation between evolutionary change in degree of 
conspicuous coloration and degree of toxicity in poison frogs was demonstrated 
(Summers and Clough 2001) under the hypothesis of a single origin of 
aposematism, and this correlation holds under a hypothesis of multiple origins. 
However, we found no significant correlation between the appearance of each 
trait under the single-origin hypothesis (correlated changes test; P = 0.975). 
However, as stated above, the independent appearances of conspicuous coloration 
and toxicity under the multiple-origins hypothesis are significantly correlated (P < 
0.001). A correlation between coloration and toxicity is not surprising when one 
considers distantly related groups such as coral snakes, monarch butterflies, and 
nudibranch molluscs. However, the presence of this correlation within a group of 
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closely related species invites a consideration of possible mechanisms for the 
origin of aposematism. 
Accumulating evidence suggests that poison frogs sequester toxins from 
their diet. Most brightly colored and toxic dendrobatids (Dendrobates, 
Phyllobates, and Epipedobates) are dietary specialists on ants, termites, or mites. 
Thus, they eat many and smaller prey, whereas the cryptic and nontoxic species 
(Colostethus) have generalized diets of few and larger prey (Caldwell 1996; Toft 
1995). Specialized phenotypic traits in diet-specialized dendrobatids (e.g., narrow 
head and tongue) are recognized as adaptations for foraging on tiny prey (Vences 
et al. 1998). The aposematic species have probably evolved narrow diets to 
maximize the accumulation of toxins from diet (Daly et al. 2002). Experiments 
have shown that at least two poison frog species derive alkaloids from ants, and 
that Dendrobates auratus can sequester certain alkaloids (allopumiliotoxins and 
izidines) from food supplements (Daly et al. 1994b). When raised on fruit flies, 
captive Phyllobates, Dendrobates, and Epipedobates tricolor lose much of their 
toxicity (Daly et al. 2000a; Daly et al. 1992). Nonetheless, despite the 
demonstration of alkaloid sequestration, the source of the most biologically a tive 
alkaloids; i.e., batrachotoxins, histrionicotoxins, epibatidine, and others, remains 
unknown (Daly 1998). 
Based on the available information, our phylogeny demonstrates at l ast 
two, and perhaps three, independent origins of dietary specialization (Fig. 2). One 
origin of diet specialization is in the ancestor of clade D (Phyllobates and 
Dendrobates), in which all species are ant, termite, or mite specialists (Caldwell 
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1996). A second origin is within clade C (Epipedobates and Colostethus), in 
which some species have generalist diets (including the brightly colored E. 
tricolor), but E. parvulus and its relatives are ant specialists (Caldwell 1996). A 
possible third origin is in clade A, in which most species, including A. femoralis, 
have generalist diets. However, the limited data (Almendáriz 1987) indicate that 
A. zaparo, its brightly colored sister species (Fig. 1), eats mostly ants. Al hough 
there is a clear phylogenetic correlation between bright coloration and toxicity (as 
demonstrated by the correlated changes test), data sufficient to test the association 
of diet are lacking for most species. 
Under the single-origin hypothesis, dietary specialization and foraging 
ecology were predicted to be key evolutionary factors in the diversification of 
poison frogs (Caldwell 1996; Toft 1995; Vences et al. 1998). Under this multiple-
origins hypothesis, the evolutionary association between diet and aposemati m 
may be more complex. Although one large clade (D) displays an ancient or gin of 
aposematism, most of the origins are relatively recent and involve one or a few 
species, suggesting that this homoplasy is dynamic and recurring. The 
specialization on different prey types (ants, termites, or mites), which may explain 
the great diversity of alkaloids, suggests selection for specializat on per se 
(Futuyma and Moreno 1988), rather than commitment to a particular food
resource. For example, E. tricolor is toxic but is not specialized on ants or 
termites, which suggests that this species might sequester toxins from 
unrecognized sources, such as larger-prey items. 
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The association of dietary specialization and sequestration of toxic 
defensive compounds in aposematic organisms is not novel to frogs. For exampl , 
two unrelated lineages of aposematic papilionid butterflies sequester aristocholic 
acid compounds from pipevines (Aristolochiaceae) (Nishida 2002). Longitarsus 
leaf beetles (Chrysomelidae) have evolved the sequestration of pyrrolizidine 
alkaloids multiple times (Dobler 2001). However, dendrobatid frogs are unique 
among vertebrates in their recurring associations of coloration, toxicity, and diet 
specialization. This observation suggests an as-yet-unidentified physiological 
mechanism in the ancestor of poison frogs that allowed sequestration of t xic 
compounds. 
Fragmentary but exciting evidence suggests other behavioral traits th t 
may be associated with aposematism and dietary specialization. In contrast to 
almost all other frogs, both cryptic and aposematic dendrobatids are diurnal, 
rather than nocturnal, with the apparent exception of A. nocturnes (Myers et al. 
1991). This change to a diurnal habit, in which visual signals would be favored, 
may have facilitated repeated adaptive shifts toward novel foraging ecology, 
dietary specialization, toxicity, and bright coloration. Also, high aerobic and low 
anaerobic metabolic capacity have been found in the few aposematic dendrobatid 
species studied (Taigen and Pough 1985). In contrast, cryptic species of other 
leaf-litter frogs (Eleutherodactylus) that co-occur with these dendrobatids have 
low aerobic and high anaerobic capacity (Taigen and Pough 1985), and are not 
dietary specialists on ants (Caldwell 1996). This physiological trait in some 
dendrobatids probably favored a recurring association of these traits. More data 
 15 
about metabolic rate in dendrobatids are needed within this phylogenetic 
framework. 
Ecological specialization is a widespread evolutionary outcome in ma y 
animal systems (Futuyma and Moreno 1988). It is commonly stated that a 
specialization should derive from a generalized, plesiomorphic trait. This finding 
appears to be true in the case at hand; the traits of conspicuousness, unpalatability, 
and narrow diet are derived from crypticity, palatability, and a generalized diet, 
respectively. In the phylogeny presented here, these derived traits are not 
statistically independent, and probably reinforce each other, promoting 
evolutionary specialization. The appearance of toxicity may generally precede the 
appearance of diet specialization and warning coloration. Evidence for this 
possibility comes from three cases. First, A. nocturnus, the putative sister species 
of all dendrobatids, has a noxious, mercaptan-like odor, despite the lack of 
alkaloids (Myers et al. 1991) and its cryptic coloration. Second, although the few 
Colostethus sampled for lipophilic alkaloids show no traces (Daly et al. 1999), 
Colostethus inguinalis has tetrodotoxin (Daly et al. 1994a), a water-soluble (rather 
than lipophilic) toxin otherwise unknown in dendrobatids. These two cases 
suggest parallel but isolated origins of defense in obviously cryptic s e ies. Third, 
certain species are not brightly colored, but have either flash coloration or 
contrasting patterns on concealed surfaces; these species also have some degree of 
alkaloid toxicity (A. femoralis, E. boulengeri, and its sister species, E. sp. F), and 
are closely related to brightly colored species. These species may represent 
microevolutionary cases of dynamic intermediate conditions between th  cryptic-
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palatable and conspicuous-toxic extremes. However, the data are meager and 
much work at the population level is needed to confirm this hypothesis. 
At the other extreme, all conspicuous species (Dendrobates, Phyllobates, 
and most Epipedobates) surveyed possess diverse and often abundant toxins 
(Daly et al. 1999); i.e., no Batesian mimics are known. Furthermor, although the 
degree of diet specialization among the toxic species varies, the diets of the least 
specialized toxic species are still narrower than those of the cryptic species 
(Caldwell 1996; Toft 1995). 
In summary, a more comprehensive phylogeny reveals the multiple 
appearances of this complex of traits (visual signals, toxicity, narrow diet, and, 
perhaps, higher metabolic rate), which suggests parallel and correlated 
evolutionary trends toward specialization. These multiple occurrences may 
indicate directional selection for the acquisition of toxins from dietary 




Figure 1.1: (a) Phylogeny of poison frogs. Species names in black refer to 
conspicuous and (as far as is known) toxic species. Names in gray 
refer to cryptic and nontoxic species. The tree shown is based on the 
parsimony analysis, but the likelihood tree (Fig. 1.2) is almost 
identical. The sister-group relationship of clades C and D was 
recovered in all three types of analyses. In the parsimony analysis, 
the sister-group relationship of clades B and C was equally 
supported, but this topology was not the best estimate under 
likelihood or Bayesian analysis. Neither alternative (clade C + D vs. 
clade B + C) is strongly supported by bootstrap proportions or 
Bayesian posterior probabilities. Parsimony bootstrap proportions 
are above each branch, and Bayesian posterior probabilities are 
below. *, a value of ≥95. (b) Previous molecular phylogeny of 
poison frogs (Summers and Clough 2001). The difference between a 
and b is due to the degree of taxon sampling.  
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Figure 1.2: The likelihood topology, with gray boxes representing the species 
names shown in black on Fig. 1.1. The column of photos on the left 
shows representative cryptic and nontoxic species, and the column 
on the right shows conspicuous and toxic species (the toxicity of A. 
zaparo is unknown). The ant icons indicate two origins of 




Chapter 2: Amazonian amphibian diversity is primarily derived 
from late Miocene Andean lineages  
INTRODUCTION 
Tropical regions contain more than half of biological diversity on just 7% 
of the Earth's surface (Myers et al. 2000; Wilson 1988). Differences in 
biodiversity between tropical and temperate regions have been attributed to 
contrasting speciation and extinction rates (Moritz et al. 2000). Within the 
Neotropical realm, the Amazon Basin and the Chocoan region contain half of 
Earth's remaining rainforests and one of the largest reservoirs of terrestrial 
biodiversity. However, the impact of pre-Quaternary ecogeographic constraints on 
Neotropical biodiversity is largely unknown and the mechanisms contributing to 
species richness are unclear (Burnham and Graham 1999; Moritz et al. 2000).  For 
example, the well-documented high α−diversity (species richness) of the flora and 
fauna of the Amazon rainforest (Pitman et al. 2001) is usually attributed to local 
geoclimatic dynamics that promote monotonic accumulation of lineages (Bush 
1994; Hubbell 2001).  However, the lower β−diversity (species turnover relative 
to distance) within the Amazon Basin is puzzling (Condit et al. 2002) and v stly 
underestimated. Current hypotheses are based on restricted, mostlyQua ernary, 
spatiotemporal scales involving paleogeographic or ecological events ( .g., 
riverine barriers, Pleistocene climate change) (Moritz et al. 2000), persistence of 
conservative niches (Wiens and Donoghue 2004), and analyses of 
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phylogeography and endemicity (Patton and da Silva 1998). In addition to 
speciation/extinction processes (Moritz et al. 2000), major paleogeologica  events 
promote diversification, yielding complex phylogenetic patterns of vicariance, 
dispersal, and secondary sympatry (Bush 1994). Using phylogeographic analyses 
of the endemic and diverse clade of poison frogs (Dendrobatidae), we reconstruct 
Neotropical biogeography from the Oligocene to the present and revealed a 
widespread and highly dynamic pattern of multiple dispersals and radiations 
during the Miocene. 
Major geoclimatic events have shaped the Neotropics. The most important 
include the isolation and reconnection of South America, the uplift of the And s, 
the extensive floodbasin system in the Amazonian Miocene, the formati n of 
Orinoco and Amazon drainages, and the dry−wet climate cycles of the 
Pliocene−Pleistocene (Fig. 2.1). The Panamanian Land Bridge (PLB) between th  
Chocó and Central America, which formed progressively until the Pliocene 
(Coates and Obando 1996), was an important biogeographic catalyst of dipersal 
and vicariance events at the Miocene−Pliocene boundary (e.g., Alpheus shrimps 
and freshwater teleost fishes) (Bermingham and Martin 1998; Knowlton and 
Weigt 1998). Similarly, the uplift of the Andes advanced the formation of the 
Amazon River, converting a widespread, northwest-flowing Miocene floodbasin 
into the current eastward-running Amazon Basin  (Hoorn 1994; Latrubesse et al. 
1997). Two Miocene marine incursions into this wetland system isolated several 
aquatic taxa as living relicts, including the Amazon River dolphin, lineages of 
marine-derived teleosts and stingrays, and brackish water mollusks (Kaandorp et 
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al. 2006; Lovejoy et al. 2006). However, controversies exist about the magnitude 
and duration of these geoclimatic events (Hoorn 2006). 
Although well-known for its megadiversity, no studies of the Neotropics 
have examined diversification patterns in highly speciose and widespread lin ges 
over broad temporal and spatial scales. A general explanation that associates rates 
of speciation with paleogeographic events is lacking. Here, we test two general 
hypotheses about the spatial configuration of biogeographic areas on the origin of 
Neotropical diversity (Fig. 2.1). First, under the center-of-origin hypothesis, 
lineages from the currently most diverse area (i.e., Amazon Basin) di persed to 
other areas (Fig. 2.1, HA: SM1). Second, under the stepping-stone hypothesis, 
paleogeographic events constrained the patterns of lineage diversification in the 
Neotropics among geographically adjacent areas (Fig. 2.1, HA: SM2). Using a 
recently developed maximum likelihood procedure that estimates geographic 
range evolution, we tested both hypotheses against a null biogeographic model 
(Fig. 2.1 H0: SM0) using a well-sampled Neotropical clade, the poison frogs 
(Dendrobatidae). We sampled 223 of the ~353 (264 described and 34-89 
undescribed) species, distributed from Central America and Guiana Shield to 
southeast Brazil and from Andean páramos (4000 meters above sea level, masl) to 
lowland rainforests (<300 masl). However, ~40% of the species diversity remains 
unsampled (Santos et al. 2009). Because the true diversity (i.e., described, 
undescribed, and extinct species) cannot be accurately assessed (Alroy 2002; 
Sepkoski 1997), macroevolutionary inference should account for missing 
diversity.  Our goals are to (1) infer how geographic range evolution yielded 
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current species distributions, (2) estimate the general patterns of speciation and 
extinction under necessarily incomplete taxon sampling, and (3) synthesize these 
findings with paleogeographic events to explain current patterns of pecies 
richness. 
 
MATERIALS AND METHODS 
Data Collection and Species Sampled  
Because there are no fossil poison frogs, a large phylogeny of amphibians 
was constructed to calibrate the age of the root of the dendrobatid tree. We used a 
total of 89 terminals including 80 species of anurans (30 families), 3 pecies of 
salamanders (3 families), 3 species of caecilians (3 families), and 3 outgroups 
(lungfish, human, and chicken) (Santos et al. 2009). The amphibian classifiation 
partially follows that of Frost et al. (Frost et al. 2006). Conflicts with Frost et al. 
(Frost et al. 2006) are indicated as paraphyletic families (e.g., Dicroglossidae 1 
and 2).  
Molecular data include the mitochondrial rRNA genes (12S and 16S 
sequences; ~2400 bp) and the nuclear protein-coding gene RAG-1 (approximately 
495 bp). Sequences were retrieved from GenBank (74 terminals) or sequenced (15 
terminals) from total genomic DNA (Santos et al. 2009). The primers and 
protocols for amplification, purification and sequencing of PCR products are 
provided in previous studies (Bossuyt et al. 2006; Darst and Cannatella 2004;
Santos et al. 2003). PCR products were sequenced in both directions and 
compared to GenBank sequences using BLAST 
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(http://www.ncbi.nlm.nih.gov/BLAST/). By this procedure, we were also able to 
validate sequences in GenBank and exclude contaminated or mislabeled 
submissions. GenBank accession numbers are given (Santos et al. 2009). 
A total of 406 individuals for described (137) and undescribed (34-89) 
species of poison frogs and 12 outgroups (from Hyloidea) were used to estimat  
the phylogeny (Santos et al. 2009).  The estimate of undescribed species (34-89) 
corresponds to the estimated minimum and maximum number of new species. 
Therefore, the described diversity of poison frogs (264 species) plus the diversity 
discovered by our analysis yields a maximum of353 (264 known + 89 maximum 
number of undescribed species), which is a better estimate of the true extant 
diversity. Of the 127 described poison frog species not sampled (Santos et al. 
2009), we were able to identify their closest relative or species group in 92.1% of 
the cases (117 species). Thus, we are confidant that we have not missed any 
crucial lineage and that our conclusions will hold as more data are incorporated. 
Furthermore, the conservation status of the unsampled species is based on the 
Global Amphibian Assessment (IUCN et al. 2006) is as follows (Santos et al. 
2009): 51.3% are data deficient, 16.6% have been described recently (no 
category), 28.9% are in one of four "threatened" categories, and 3.2% are of least 
concern.   
The classification here partially follows that of Grant et al. (Grant et al. 
2006). Species placements that conflict with this taxonomy are indicate  as 
paraphyletic genera (e.g., Colostethus 1 and 2).  Proposed taxonomic changes and 
corrections are explained in “Corrections to Taxonomy” (Dicussion). Our taxon 
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sample included species from throughout the distribution of dendrobatid frogs,
with regions of higher diversity sampled more extensively (Santos e  al. 2009) 
and the 117 species that were not sampled were assigned to a taxnomic group 
(Santos et al. 2009) and included in Speciation and Extinction Patterns Under 
Incomplete Taxon Sampling. Molecular data were generated using the same 
protocols indicated below. We included only the mitochondrial rRNA genes (12S 
and 16S sequences; ~2400 bp), from which 374 individuals (121 species) have 
complete sequences. GenBank sequence accession numbers are given (Santos et 
al. 2009); because some outgroup sequences will appear in other papers currently 
under review, their numbers are not listed. Although sequences from other genes 
are available in GenBank, these were not used because data from the data are 
highly incomplete; complete data for only 80 species were available. Moreover, 
simulation studies have indicated that large phylogenetic analyses including many 
terminals with incomplete sequences might bias branch length estimation, and 
cause topological inconsistencies due to unrealistic estimates of the rate of 
evolution (Lemmon et al. 2008). 
Sequence Alignment, Data Partitioning, and Model Testing 
Contigs were assembled using Sequencher 4.7 (GeneCodes 2006). 
Sequences were initially aligned using ClustalX 1.81 (Thompson et al. 1997) and 
manually adjusted to minimize informative sites using MacClade 4.08 (Maddison 
and Maddison 2001). The final matrices included 2688 characters (i.e., 2192 from 
mitochondrial genes, 495 from RAG-1) for the Amphibian Tree Matrix (ATM) 
and 2380 characters (mitochondrial genes) for the Poison Frog Tree Matrix 
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(PFTM). A total of 228 (ATM) and 113 (PGTM) ambiguously aligned characters 
were excluded. For the ATM, we divided the data into mitochondrial geneand 
RAG-1 partitions. For the PFTM, we used 12S rRNA, tRNA-Valine, and 16S 
rRNA partitions. The best model of nucleotide substitution for each partition was 
determined using ModelTest 3.7 (Posada and Buckley 2004; Posada and Crandall 
1998). For the ATM, GTR+Γ+I and TrN+Γ+I were selected for the mitochondrial 
genes and RAG-1 segments, respectively. For the PFTM, GTR+Γ+I was selected 
for the 12S and 16S rRNA segments and the GTR+Γ for the tRNA-valine 
segment.  
Phylogenetic Analysis 
ATM and PFTM were analyzed with maximum likelihood (ML) methods 
under a genetic algorithm in GARLI 0.951 (Zwickl 2006) and with Bayesian 
sampling of tree space with MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001; 
Ronquist and Huelsenbeck 2003). For the ATM analyses, the amphibian species 
were constrained to be monophyletic. For the GARLI analyses, a total of 40 
independent runs were used to infer the best tree and 200 nonparametric bootstrap 
searches were used to estimate support for the nodes. For the MrBayes analyses, 
tree topology estimation, branch lengths, and Bayesian posterior probabilities 
(PP) were determined from five independent runs of four incrementally heated 
chains. Runs were performed for 35-45 x 106 generations under partitioned 
models using default settings as priors; the sampling frequency was 1 in 1000 
generations. The convergence of the runs and the optimal burn-in was determin d 
to be 1.238 x 106 (ATM) and 4.282 x 106 (PFTM) generations using MrConverge 
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(Lemmon et al. 2008). This program estimates the point where the likelihood 
score becomes stationary and the overall precision of the bipartition posterior 
probability is maximized. 
Determination of Divergence Times 
The strict molecular clock model was rejected from both ATM (χ2  = 
4762.6, df = 87, p < 0.001) and PFTM (χ2  = 3822.6, df = 404, p < 0.001) datasets 
using a likelihood ratio test (LRT) that compared the best unconstrai ed GARLI 
trees to those estimated under a strict molecular clock. Therefor, a elaxed 
molecular clock Bayesian method in MULTIDIVTIME (Thorne and Kishino 
2002) was used to estimate chronograms for the Amphibian Tree and the Poison
Frog Tree. 
For chronogram estimation, all taxa in the ATM dataset (Amphibian 
Chronogram) and a pruned PFTM dataset (Poison Frog Chronogram) were used. 
The pruned PFTM dataset excluded multiple individuals of the same specie  to 
improve computational efficiency. For each analysis (ATM and pruned PFTM), 
the aligned matrix and the rooted ML topologies without branch lengths were 
input into MULTIDIVTIME (Thorne and Kishino 2002).  Branch length 
estimates under the F84+Γ model of molecular evolution and variance/covariance 
matrices were calculated using the BASEML and ESTBRANCHES components 
of PAML 3.15 (Yang 2003) and MULTIDIVTIME (Thorne and Kishino 2002) 
respectively. Calibration points (Santos et al. 2009), relaxed-clock model priors, 
and variance/covariance matrices were then input into MULTIDIVTIME (Thorne 
and Kishino 2002).  
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For the Amphibian Chronogram, three different sets of time constraint 
were used to assess the robustness of the dating estimates; these were based on 
paleogeography, vertebrate fossils, and amphibian fossil records (Santos et al. 
2009). The ingroup tip-to-root distances needed for the estimation of the 
MULTIDIVTIME rtrate and rtratesd priors (Thorne and Kishino 2002) were 
calculated using TreeStat v1.2 (Rambaut and Drummond 2008). The relaxed-
clock model priors were 344 MYA for the expected age between tip and root 
(rttm) and 20 MYA for its standard deviation (rttmsd). The rttm prior corresponds 
to the divergence of Amniota and Amphibia and is based on fossil and molecular 
analyses (Roelants et al. 2007; Ruta et al. 2003a; Ruta et al. 2003b; Zhang et al. 
2005). The expected molecular evolution rate at the ingroup root node (rtrat) 
prior and its standard deviation (rtratesd) were estimated at 0.00345 
substitutions/site/MY by dividing the median of ingroup tip-to-root disances by 
the rttm prior as suggested by the MULTIDIVTIME documentation (Thorne and 
Kishino 2002). The priors for the expected value of the Brownian motion constant 
υ (nu) (brownmean) and its standard deviation (brownsd) were estimated to be 
0.058 by setting rttm * brownmean equal to 2.0 (on-line suggestion of Frank 
Rutschmann (Rutschmann 2005)). The bigtime parameter was set to twice the 
estimated time divergence of Amniota and Amphibia (i.e., 700 MYA). Markov 
chain (newk, othk, thek) and beta (minab) priors were set to default values. Each 
MCMC chain was run for 1 x 106 generations with sampling frequency of 1 per 
100 generations and burn-in of the first 100,000 generations. All analyses wer  
run twice to ensure convergence of the time estimates. The divergence time 
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estimated for each node of the amphibian chronogram was described by its mean 
age and 95% CI (Santos et al. 2009). 
The Poison Frog Chronogram was estimated from the pruned PFTM 
dataset that included 224 individuals from 157 poison frog species (131 described 
and 26 undescribed) and 12 outgroups. The fossil record of Tertiary Neotropical 
frogs is minimal and no fossils of poison frogs have been found (Sanchíz 1998). 
For this reason, we used a three-part strategy to date the Poison Frog 
Chronogram. First, the expected ages and 95% CIs of the split of the 
Dendrobatidae from other Hyloidea and the age of the most recent common 
ancestor of this clade were estimated from the Amphibian Chronogram. Second, a 
list of geological time constraints (Santos et al. 2009) was developed based on 
paleogeological evidence (Santos et al. 2009). Third, ancestral area reconstruction 
was inferred and explained in section E. To test the overall accuracy of these 
approaches, three sets of progressively less inclusive time constraints were used 
(Santos et al. 2009). The relaxed-clock model priors were 71.4 MYA for the 
expected age between tip and root (rttm) and 18.6 MYA for its standard deviation 
(rttmsd). This value, estimated from the Amphibian Chronogram, corresponds to 
the mean age of the split between Dendrobatidae and its sister clade.. The 
expected value (rtrate) and standard deviation (rtratesd) priors were set to 0.0056 
substitutions/site/MY. The priors for the expected value (brownmean) and its 
standard deviation (brownsd) of the Brownian motion constant υ ( u) were set to 
0.2. These priors (rtrate, rtratesd, brownmean, and brownsd) were obtained 
similarly as in the Amphibian Chronogram (see above). The bigtime parameter 
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was set to three times the estimated age of the Dendrobatidae node from the 
Amphibian Chronogram (40 * 3 = 120 MYA). Markov chain priors (newk, othk, 
thek), beta prior (minab), and MCMC chain parameters were the same as for the 
Amphibian Chronogram. All analyses were run twice to ensure convergence of 
the time estimates. The divergence time estimated for each node of th  Poison 
Frog Chronogram was described by its mean age and 95% CI (Santos et al. 2009) 
and major taxonomic events (Santos et al. 2009). 
We assessed the robustness of the calibrations (Santos et al. 2009) with 
three approaches. First, we recalculated the chronogram by using penalized 
likelihood approach (PL) (Sanderson 2002) implemented in r8s (Sanderson 2003). 
Because the penalized likelihood method requires at least one fixed nod  age, the 
nodes were fixed for root of the poison frog tree at 42.9 MYA or for the major 
split between clades B+C+D and A at 36.3 MYA. These values correspond to the 
mean age for each node obtained by averaging the ages from the three stimates 
of the Amphibian Chronogram (Santos et al. 2009). We calculated the Poison 
Frog Chronogram with all constraints and then by removing one calibration 
constraint at a time (Santos et al. 2009). We use five different smoothing 
parameters (1, 10, 100, 500, and 1000), an additive scale for rate penalty, and 20 
random starts to estimate the chronogram. The average of all runs without the 
respective constraint was used as the estimate of node age (Santos et al. 2009). 
Second, we recalculated the chronogram using the same parameters of the 
relaxed-clock Bayesian method but removing one calibration constraint at a ime 
(Santos et al. 2009). Finally, we recalculated the Poison Frog Chronogram to 
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determine the effect of the combination of bigtime and rttmsd priors, which have 
been shown to have the substantial impact (Vieites et al. 2007), by changing the 
estimates of nodes to make them older or younger. We used the same rttmsd prior 
(18.6 MYA) and two bigtime prior values of 60 and 80 (Santos et al. 2009). Based 
on all tests, the estimates of 36 exemplar nodes that correspond to major 
phylogenetic events in the family (Santos et al. 2009) and the ifferences in MYA 
from the Poison Frog Chronogram node mean are provided (Santos et al. 2009). 
We found that all time estimates from each test were within wo standard 
deviations of the mean of poison frog chronogram (Santos et al. 2009). The time 
estimates obtained by using the penalized likelihood method mostly were within 
one standard deviation from those estimated in the Poison Frog Chronogram. In 
the case of the tests done using the relaxed molecular clock Bayesian method, the 
removal of constraint A (2.4-15.0 MYA, which was assigned to nodes that 
correspond to dispersals between South America and Central America) was found 
to provide older time estimates for all nodes, especially those cl  to the root. 
The effect of changing the rttmsd/bigtime priors combination was negligible. 
Ancestral Area Reconstruction 
The reconstruction of ancestral areas of the poison frog clade was 
determined by three methods: a maximum-likelihood inference of geographic 
range evolution (Ree et al. 2005; Ree and Smith 2007; Ree and Smith 2008), 
dispersal-vicariance analysis (DIVA) (Ronquist 1997), and Bayesian an lysis of 
ancestral areas (Brumfield and Edwards 2007; Pagel et al. 2004; Ronquist 2004). 
Ten areas (designated by letters) were delimited based on ge logical barriers, 
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areas of endemism (Duellman 1999; Gentry 1992; Stattersfield et al. 1998), and 
distribution maps (IUCN et al. 2006) (Fig. 2.1). The Andes were divided into four 
adjacent regions: Central Occidental Andes (H), Central Oriental Andes (G), 
North Oriental Andes (E), and North Occidental Andes (F). Northern and Ce tral 
Andes are divided perpendicular to the southern limit of Carnegie Ridge (parallel 
2°S) in southern Ecuador (Gutscher et al. 1999; Hungerbuhler et al. 2002). The 
Oriental and Occidental Andes are divided along the Interandean valleys that 
separate both parallel mountain chains. The Guiana Shield (B) and Brazilian 
Shield (K) regions are located in the eastern shoulder and center of South 
America, respectively. Both regions are ancient Precambrian plateaus with 
lowland tropical rainforest, dry forest, and cloud forests from 200-2800 m. The 
Venezuelan Highlands (D) region includes the current Caribbean costal 
cordilleras of Venezuela (Mérida, Cordillera de la Costa, and Paria peninsula) and 
Trinidad and Tobago Islands. Paleontological and stratigraphical evidence 
suggests that Venezuelan Highlands region had strong similarities to the western 
Amazonian Tertiary fossil fauna (Aguilera and Rodrigues de Aguilera 2004a; 
Aguilera and Rodrigues de Aguilera 2004b; Brochu 1997; Cozzuol 2006). 
However, the Venezuelan Highlands biogeographic distinctiveness is evidenced 
by the Miocene uplift (Diaz de Gamero 1995), episodic Miocene floodings, and 
the formation of the Llanos (Cooper et al. 1995), the separation from the Guiana 
Shield region by the current Orinoco river drainage and from the northern Andes 
by the Táchira depression. The Amazon Basin (C) region includes the river 
drainage and its extensive lowland tropical rainforest <300 m. The Central 
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America (J) region corresponds to the lowlands and highlands of western sid  of 
the Panama Land Bridge (PLB) to southern Nicaragua (northernmost distribution 
of poison frogs). The Chocó (I) region includes the eastern side of the PLB and 
the costal lowland tropical forest below 500 m of the Pacific Coast f Ecuador 
and Colombia on the western side of Andes. The Magdalena river drainage a d 
the Gorgona Island were also included in the Chocó region based on the 
paleontological and biotic resemblance to the Chocó (Forero 1988; Guerrero 
1997; Kerr 2005).  
Ancestral area reconstructions, time of diversification, and rate of 
diversification estimates require a fully bifurcate tree (Magallon and Sanderson 
2001; Nee 2001; Paradis 1997; Sanderson et al. 2004). We used the best GARLI 
tree to reconstruct the ancestral areas. Each species in the phylogeny was assigned 
to one or more regions based on distribution (Santos et al. 2009). For the firs  
method, we estimated a dispersal-extinction-cladogenesis (DEC) model using 
Lagrange package (Ree and Smith 2007; Ree and Smith 2008). The DEC model is 
a continuous-time stochastic model for geographic range evolution in discrete 
areas, with maximum likelihood parameters estimated for rates of dispersal 
between areas (range expansion) and local extinction within areas ( ange 
contraction). The DEC model considers geographic scenarios of lineage 
divergence (including scenarios involving within-area speciation), allowing a 
widespread ancestral range to persist through a cladogenesis ev nt as ancestral 
states at internal nodes on a phylogeny with observed species rang  t the tips. In 
all cases, ancestral ranges were assumed to include no more than two reas, the 
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maximum observed for extant species. Moreover, spatial and temporal constraints 
(e.g., area distances, dates of geological origin) may be imposed in the DEC 
model estimation, providing a more accurate estimation of the ancestral areas and 
hypothesis testing of specific geographic scenarios. 
We tested three biogeographic scenarios based on the hypothesized origin 
of the group (Santos et al. 2009). First, the SM0 null model has all areas as 
equiprobable ancestral ranges and assigns them to be adjacent pairs (i.e., 
separated by one step in the matrix), plus the individual areas th mselves. Second, 
the SM1 (center-of-origin model) favors an Amazon Basin origin of the poison 
frog clade and assigns all non-Amazonian areas to be adjacent to the Amazon 
Basin (i.e., separated by 1 step in the matrix) and non-adjacent to ach other (i.e., 
separated by two steps). However, the one exception was to make the Chocó and 
Central America adjacent, because it is not possible to reach Central America 
without passing through the Chocó. Third, the SM2 model (stepping-stone model) 
assigns the rates of dispersal between areas to be inversely scal d by their relative 
distance and connectivity  (e.g., the distance between Guiana Shield and Central 
America is four steps, so the rate of dispersal was constrained to be 0.25). Each 
analysis estimated the global rate of dispersal and local extinction on the 
phylogeny with species ranges at the tips, considering all possible range 
inheritance scenarios (ancestral states) at internal nodes without conditioning on 
any particular values.  Then, the global rates were used to calculate and rank the 
likelihoods of all ancestral states at every internal node on the phylogeny.  This is 
done by calculating the likelihood at the root of the tree, given th global rates, 
 34 
with one node fixed at one ancestral range scenario, and all other nod s free to 
vary.  The ML scores for all nodes are compared to the overall ML score of each 
geographic scenario under a "global" method of ML ancestral state reconstruction 
(Pagel 1999). The likelihood of each model was optimized against the observed 
ranges of species and their phylogenetic relationships, with differences greater 
than 2 log-likelihood units considered significant; the reconstruction with the 
worst score was rejected (Pagel 1999). Tests of the three hypotheses (SM0, SM1, 
and SM2) were repeated in both the complete ML phylogeny and chronogram 
(reduced number of taxa). All tests were repeated in both large ML phylogeny and 
chronogram including and excluding Allobates alagoanus whose phylogenetic 
position at the base of Clade A is not well supported (Santos et al. 2009). In all 
cases similar results were found, so the results excluding A. alagoanus are 
presented. 
For the second method, we performed ancestral area reconstruction by 
dispersal-vicariance analysis using DIVA 1.1 (Ronquist 1997). DIVA assume  
that speciation occurs as a consequence of vicariance and reconstructs these 
events at no cost. Therefore, the ancestral geographic distributions are 
reconstructed by minimizing the number of dispersal or extinction events 
necessary to explain the actual distribution pattern. Because we assigned all nine 
regions to favor dispersals equally, no single solution for the large tree was found 
(~16 x 106 possible reconstructions). Hence, this analysis is considered 
exploratory due to its limitations. DIVA, which is parsimony-based, only 
optimizes historical events on cladograms without regard to relativ  or absolute 
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time (i.e., branch lengths), and is less flexible about geographic lineage 
divergence scenarios (e.g., widespread ancestors are assumed to undergo 
vicariance); specific biogeographic hypotheses cannot be tested. In consequence, 
the strict consensus of the dispersal/vicariance events on >75% of all possible 
reconstructions was used as the best solution and mapped on the ML poison fr g 
phylogeny (Santos et al. 2009). 
For the third method, estimates of the values of states at ancestral nodes 
were derived by point estimates (log-likelihoods) using a maximum likelihood 
(ML) approach in BAYESMULTISTATE, a component of BAYESTRAITS 
(Pagel and Meade 2006; Pagel et al. 2004). The reduced chronogram (236 
terminals) described in Section D1 was used for the analysis. We cod d all 
terminal distributions under two alternatives, Amazonian Basin (C) origin, and 
non-Amazonian Basin origin (all other areas).  We calculated the proportion of 
likelihood of both alternatives at each node with 10,000 samples under default 
parameters. The results were mapped onto the chronogram (Fig. 2.2). We also 
tested whether an Amazonian origin was present at each node by constraini g the 
node to this state using the option “fossilizing” in BAYESMULTISTAE (Pagel 
and Meade 2006). The likelihoods of the constrained and unconstrained 
reconstructions were compared, and a difference of ≥ 2 log-likelihood units was 
considered significant; the model with the worse score was rejected (Pagel 1999). 
Speciation and Extinction Patterns Under Incomplete Taxon Sampling 
We calculated the tree imbalance of the ML poison frog phylogeny, the 
reduced-taxon chronogram, and the tree of each super-regions: the Amazon Basin 
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(region C), the Andes (regions E, F, G, and H), Chocó-Central America (regions I 
and J), and Guiana Shield-Venezuela-Brazilian Shield (regions B, D, and K). We 
used conservative imbalance metrics (Agapow and Purvis 2002; Blum and 
Francois 2006): IC (Colless 1982), IS (Mooers and Heard 1997), and s (Fill 1996; 
Semple and Steel 2003). All standardized indices and probability of rejecting the 
null model of each branch having the equal probability of splitting (Equal Markov 
Rate or ERM) were calculated using functions colless.test, sackin.test, and 
likelihood.test, implemented in the R package apTreeshape (Bortolussi et al.
2006).  
An indirect estimate of diversification rates assuming incomplete taxon 
sampling was explored using the γ statistic (Pybus and Harvey 2000) and adjusted 
for actual phylogenies by excluding the distance between the most recent node to 
the present (i.e., gn node of a phylogeny of size n), which does not come from the 
same distribution (Weir 2006). The adjusted γ statistic values were obtained from 
the Poison Frog Chronogram (all regions) and each tree of the four super-regions.  
The adjusted γ statistic (Pybus and Harvey 2000; Weir 2006) was 
calculated using following functions of the R package LASER (Rabosky 2006): 
(1) the gn node was excluded from the chronogram (i.e., entire family and major 
region subtrees) by using truncateTree function, (2) the γ statistic of the truncated 
tree was calculated using gamStat function, (3) a null-distribution of γ under a 
pure birth model was obtained by 10,000 Monte Carlo replicates using 
mccrTest.Rd.  This function generates full size trees at the species level and 
prunes randomly terminals to the actual size of the empirical tee (i.e., simulates 
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incomplete taxon sampling), (4) the empirical γ statistic was adjusted by 
subtracting the mean value of the simulated null-distribution of γ, which is 
expected to be 0 (Weir 2006), and (5) the p-values of the adjusted γ atistics were 
computed from a normal distribution; values outside the ±1.96 standard deviation 
boundaries are significantly different (alpha = 0.05) from the null pure birth 
expectation. 
We tested for significant changes in diversification rate within the poison 
frog clade using a maximum likelihood methodology under the assumption of 
incomplete taxon sampling (Rabosky et al. 2007). First, we produced a gnus-
supraspecific level (GSPF chronogram) by pruning all but a single lineage per 
taxonomic group (Fig. 2.3) from the Poison Frog Chronogram, yielding a tree of 
78 terminals. The total species richness per taxonomic group was assigned to each 
terminal based on previous taxonomic and phylogenetic studies (Coloma 1995; 
Duellman 2004; Grant et al. 2006; La Marca 1995 [1994]; Morales 2002 [2000]; 
Rivero 1988[1990]; Santos et al. 2003). Second, we estimated a constant 
diversification rate r (i.e., the difference between speciation, λ, and extinction, µ, 
rates) across the phylogeny using a maximum likelihood estimator that 
incorporates both known taxonomic diversity and phylogenetic data (Rabosky et 
al. 2007). We calculated the constant-rate model fit statistics (log likelihood and 
AIC score) and r using the fitNDR_1rate.Rd function of LASER (Rabosky 2006). 
Third, we tested for shifts in diversification rate within the poison frog phylogeny 
by comparing likelihood of the GSPF chronogram under constant and rate-
flexible diversification models (Rabosky et al. 2007).  Two alternative hypotheses 
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for rate-flexible model may explain the shifts in rate of diversification: (1) an 
increase within a particular clade (rCL) from the ancestral diversification rate r 
(flexible-rate model) or (2) a clade-specific decrease (rCL) from the ancestral 
diversification rate r (rate-decrease model) (Rabosky et al. 2007). We calculated 
both rate-flexible alternative model fit statistics, r and rCL values using the 
fitNDR_2rate.Rd function of LASER (Rabosky 2006). The best fitting model was 
determined using a likelihood ratio test (LRT) between the constant-rate and the 
flexible-rate models (nested), and by ∆AIC scores between the flexible-rate and 
rate-decrease models (not nested). All analyses were perform d under two 
extremes of the relative extinction rate (a = µ/λ, a = 0 and a = 0.99) as a fixed 
parameter to determine the robustness of the results to variation in the extinction 
fraction (Raup 1985). 
RESULTS 
We reconstructed a maximum likelihood (ML) phylogeny from an 
extensive taxon sample (Santos et al. 2009), and a relaxed-clock Bayesian 
chronogram from a sub-sample of the previous (Thorne and Kishino 2002).  The 
phylogeny is in general agreement with previous studies (Grant et al. 2006; 
Santos et al. 2003) and the significance of branch support is provided in Fig. 2.2 
(for detailed support values see (Santos et al. 2009)). Although our taxon 
sampling is the most extensive for poison frogs (i.e., ~ 63.5% of the diversity in 
the family), we were concerned that incomplete taxon sampling might cause tree 
imbalance and introduce bias into divergence time estimation (Blum and Francois 
2006; Heath et al. 2008). We assessed imbalance by testing the null mode that 
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each branch has an equal probability of splitting (Equal Rate Markov or ERM) 
using three tree imbalance tree indices: Colless IC, Sackin IS, and likelihood 
shape s (see Materials and Methods). Overall, our results showed that the 
imbalance indices for all trees (i.e., ML, chronogram, and super-region 
phylogenies) have a tendency to depart from, but do not reject, th equal rates 
model (ERM). Therefore, our inferences about macroevolutionary events (e.g., 
ancestral area reconstruction, divergence times, and diversification r tes) should 
not be affected significantly by incomplete taxon sampling.  
Historical Biogeography of the Poison Frogs 
The patterns of spatial and temporal distribution of poison frogs were 
inferred using dispersal-extinction-cladogenesis (DEC) modeling (Ree and Smith 
2008). We compared three DEC models (i.e., a null and two alternatives) for ten 
areas (Fig. 2.1). The null model (SM0) assumes that spatial structure has no effect 
on biogeographic patterns of evolution. The alternative models either favor the 
Amazon Basin as a center-of-origin (SM1), or patterns of dispersal/vicariance that 
reflect the spatial arrangement or connectivity of biogeographic areas (a stepping-
stone model; SM2). Our results strongly support the SM2 model over SM1 (large 
phylogeny ∆ln(L) = 140.5, p < 0.001; chronogram ∆ln(L) = 48.6, p < 0.001) and 
SM0 (large phylogeny ∆ln(L) = 17.7, p < 0.001; chronogram ∆ln(L) = 0.5NS, p > 
0.05). The non-significant comparison of SM2 and SM0 for the chronogram alone 
is likely due to its reduced taxon sample.  
The chronogram and a summary of the significant biogeographic events 
with confidence limits (Santos et al. 2009) from the stepping-stone model are 
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superimposed on the four major clades (Fig. 2.2). The most recent ancesor of 
Dendrobatidae was distributed in regions that correspond to the current 
Venezuelan Highlands and Northern Oriental Andes at 40.9 ± 5.4 million years 
ago (MYA). This ancestral range split into a Venezuelan Highlands ancestor of 
Clade A and an Andean ancestor (Clade B+C+D). The most recent ancestor of 
each major clade occurred during the Oligocene at 34.9 ± 5.4 MYA (Clade A), 
30.9 ± 3.9 MYA (Clade B), 27.1 ± 3.2 MYA (Clade C), and 29.9 ± 4.0 MYA 
(Clade D). We inferred 14 dispersals into and 18 from the Amazon Basin to 
adjacent areas, including 3 major radiations and a single lineage extinction within 
Amazonia.  We also found 5 cross-Andean dispersals, 5 dispersals from Northern 
to Central Andes, 6 dispersals from Northern Andes to Chocó, 4 dispersals from 
Chocó to the Andes, and 3 temporal phases of lineage dispersal with 2 interleaved 
periods of vicariant events between the Chocó and Central America (Fig. 2.2). 
The diversity of Amazonian poison frogs (>70 species) resulted from 14 
separate dispersals into this region, in three phases (Fig. 2.2). First, the two oldest 
dispersals originated independently from the Guiana Shield (23.8 MYA) and from 
the developing Andes (21.1 MYA), just before and during the existence of the 
Amazonian Miocene floodbasin. Second, a single dispersal from the Guiana 
Shield occurred 15.5 MYA, during a low sea-level period associated with 
reduction of the Miocene floodbasin system. Third, the 11 remaining dispersals 
from the Andes took place between (1.6-7.3 MYA) during the formation of the 
modern Amazon Basin river system. Ancestral area reconstructions usi g a 
Bayesian multistate procedure similarly support the recent multiple dispersals to 
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the Amazon Basin (Fig. 2.2). Thus, our results suggest that much of the ex ant 
Amazonian biodiversity results from relatively recent immigration of distinct 
lineages followed by in situ radiation during the last 10 MYA. 
At least 18 dispersals from the Amazon Basin to other areas were found in 
three temporal phases.  First, the earliest dispersals to the developing Chocoan 
lowlands (21.8 MYA) and the Andes (15.2 MYA) occurred during the 
establishment of the Miocene floodbasin system. Interestingly, for the present 
Chocoan lineage of Dendrobates pumilio (Fig. 2.2), our results suggest a Miocene 
overwater dispersal from Chocó to the developing Central America achipelago 
and the extinction of the Amazonian lineage ancestor at ~ 19.5 MYA during the 
formation of the Miocene floodbasin system. Second, dispersals to the Guiana 
Shield (1), the Venezuela Highlands (1) and the Andes (1) took place after the 
Miocene floodbasin system receded (8.8-10.8 MYA). Third, the 12 remaining 
dispersals were very recent (0.7-6.0 MYA), to the Guiana Shield (7), Andes (4), 
and Brazilian Shield (1). Thus, 16 out of 18 occurred <11 MYA, after the 
establishment of the current Amazonian geomorphology (Fig. 2.2). 
At least four major diversifications occurred within Amazonia: (1) the 
Allobates trilineatus complex (26 species) is the oldest (14.0-15.1 MYA); the 
three remaining are more recent (5.4-8.7 MYA): (2) the Amazonian Ameerega 
(19 species), (3) the Dendrobates ventrimaculatus complex (15 species), and (4) 
the Allobates femoralis complex (9 species). Moreover, all four lineages entered 
the Guiana Shield area in the Pliocene (Fig. 2.2).  
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Species diversity in the Andes (71 species) resulted from a continuous 
diversification process since the late Eocene (Fig. 2.2). However, several Andean 
events were contemporaneous with establishment of the Amazon Basin. Five 
cross-Andean dispersals from Oriental to Occidental Andes (2.0-25.4 MYA), five 
dispersals from Northern to Central Andes (14.9-30.9 MYA), and six dispersals 
from the Northern Andes to the Chocoan lowlands (8.3-29.9 MYA)  (Fig. 2.2) 
took place before the establishment of the Andes as a major geographic barrier 
during the Miocene–Pliocene boundary (Gregory-Wodzicki 2000). We also found 
five dispersals from the Chocó to North and Central Andes (1.1-6.6 MYA) (Fig. 
2.2) that took place mostly in the Pliocene when the Andes were already 
established as a barrier. Our results indicate that lower montane transition zones 
between Andean and lowland environments (Chocó and Amazonia) promote 
diversification, as exemplified by the Amazonian Ameerega (Roberts et al. 2006) 
and the Chocoan Epipedobates. 
Central American and Chocoan species (> 40) also show a complex 
pattern of diversification at the end of the Miocene. Ten dispersals f om Chocó to 
Central America suggest a pattern of recurrent colonization and isolation in three 
phases (Fig. 2.2). First, the two oldest dispersals (8.3-12.1 MYA) from the Chocó 
overlap with a proposed earlier exchange of faunas during the late Miocene 
(Webb 1985). A single vicariant event at 6.8 MYA isolated the firstwave of 
immigrants (i.e., ancestors of Phyllobates and Colostethus 1). Interestingly, the 
contemporaneous divergence of the Trinidad and Tobago species (Mannophryne 
trinitatis and M. olmonae) from Venezuelan relatives at 8.3 MYA suggests a 
 43 
global period of high sea level. Second, six Pliocene dispersals from South 
America (3.2-5.4 MYA), immediately followed a proposed low sea-level period 
after 6.0 MYA (Coates and Obando 1996). Six vicariant events in the middle 
Pliocene (1.1-3.6 MYA) are concomitant with a second high sea-level period (1.5-
3.0 MYA) that separated Central America from the Chocó (Coates and Obando 
1996). Third, two dispersals in the late Pleistocene (0.5-2.2 MYA) are
contemporaneous with the Great Faunal Interchange at 1.2 MYA (Coates and 
Obando 1996). Likewise, the endemic poison frog of Gorgona Island 
(Epipedobates boulengeri), located 50 km off the Pacific coast, was derived from 
a Chocoan ancestor 2.4 MYA during the same period. Our results strongly 
support the repeated dispersal of poison frogs into Central America across the 
PLB before its final Pliocene closure. 
Similar results for the ancestral area reconstruction were obtained by 
dispersal-vicariance analysis (DIVA) (Ronquist 1997). However, DIVA provided 
unrealistic ancestral reconstructions for basal nodes (Santos et al. 2009), and a 
large number (i.e., ~16 x 106) of equally parsimonious reconstructions (see 
Material and Methods). Therefore, DIVA analyses were considered xploratory 
due to its algorithmic limitations (Ree et al. 2005; Ree and Smith 2008). 
Lineage Diversification 
We estimated diversification rates of the chronogram and super-region 
subtrees using the adjusted γ statistic to account for incomplete taxon sampling 
(Table 2.1) (Pybus and Harvey 2000; Weir 2006). The γ statistic compares the 
relative position of the nodes in a chronogram to that expected under the pure 
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birth model, and different values of γ characterize whether the diversification rate 
has increased (γ > 0), decreased (γ < 0), or remained constant (γ = 0) over time 
(Pybus and Harvey 2000). However, we emphasize that the γ statistic is an 
indirect estimation of the rate of diversification (Pybus and Harvey 2000), and our 
inferences from the γ statistic should be considered relative measures of the 
diversification. The Amazon Basin and the Central American-Chocó super-
regions (Table 2.1) show significant positive values of γ, suggesting that the 
relative rate of speciation has increased over time compared to the entire family 
(all areas) and the Andes and Guiana-Venezuela super-regions (i.e., γ for these 
regions ~ 0). Simulations have suggested that significant positive valu s of γ have 
been associated with two alternatives, either increasing diversif cation or high 
extinction through time (Rabosky and Lovette 2008). The general absence of 
Tertiary frog fossils from lowland Neotropics (Sanchíz 1998) is intriguing, but it 
does not provide evidence for or against increases in extinction/diversification. 
Therefore, our inference of recent dispersals to Amazonia and the recent 
geological origin of the modern Neotropical rainforest (Hoorn 2006) might weigh 
in favor of a recent increase in diversification. Moreover, our results strongly 
suggest that the bulk of recent diversification in poison frogs might be due to 
rapid radiations in the Amazon Basin and the Central American-Chocó super-
regions in the late Miocene. Alternatively, the relatively spare sampling in both 
the Andes (i.e., 56.2 % of described species) and the Guiana-Venezuela (i.e., 40.5 
% of described species) super-regions might have reduced the power to reject the 
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null of constant diversification rate. In either case, additional datafrom other 
Neotropical biota might be crucial to validate our results. 
We further evaluated our claim of a significant increase in diversification 
in the Amazon Basin and the Central America-Chocó super-regions. We tested for 
significant changes in diversification rate at the genus-supraspecific level (GSPF 
chronogram and Fig. 2.3; see Material and Methods) under incomplete taxon 
sampling using maximum likelihood approach (Rabosky et al. 2007) with to 
extreme values of the extinction/speciation ratio (i.e., extinction rate fraction a = 
µ/λ, a = 0 and a = 0.99) (Table 2.2). The GSPF chronogram rejected the constant-
rate model (all lineages with equal diversification rate) in favor of a variable rate 
model (at least one lineage has a significant higher or lower div sification rate) 
(Table 2.2). Additionally, the GSPF chronogram favored the variable-rate model 
with diversification rate change in one or more lineages  (Fig. 2.3 and Table 2.3) 
over an alternative of retained elevated ancestral diversification rate (Table 2.2). 
However, we found possible spurious significant rate increases (i.e., nodes 2 and 
9 of Fig. 2.3 and Table 2.2) that might be dependent on more inclusive lower 
nodes (i.e., 1 and 5 respectively). This “trickle-down effect” artifact can be 
explained by a significant rate increase detected in daughter clade being carried 
over to the adjacent parent clade. 
The diversification rate increase within Ameerega is 3.23-fold (a = 0) to 
7.55-fold (a = 0.99) higher than the rest of the GSPF chronogram (Fig. 2.3 and 
Table 2.3). Interestingly, Ameerega corresponds the most recent (i.e., 8.7 MYA) 
widespread radiation of poison frogs in the Amazon Basin after dispersal from the 
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Andes (Figs. 2.2 and 2.3) in the late Miocene. Other significant increases in the 
diversification rate include two in Amazonia, two in the Chocoan region, and one 
in the Andes (Fig. 2.3 and Table 2.3). Significant decreases in the rae of 
diversification correspond to the rare Guiana Shield endemic Allobates (0.0008-
fold reduction) and the mostly Andean endemic Clade B (0.4851-fold reduction) 
(Fig. 2.3 and Table 2.3). Therefore, we found that Amazonian and Central 
American-Chocoan lineages significantly increased their diversification rate since 
the late Miocene, while the diversification rate in the Andean and Guianan-
Venezuelan-Brazilian Shield lineages have been near constant with a tendency to 
slow-down since the Oligocene. However, we acknowledge that these super-
regions (i.e., the Andes and the Guiana-Venezuela-Brazilian Shield) might be 
undersampled (Table 2.1) and conclusions about their near-constant rate of 
diversification need further validation 
DISCUSSION 
The unstable coexistence of lineages within a large community for 
extended periods of time has been hypothesized as a cause of Neotropical 
diversity (Hubbell 2001). However, our results suggest that such a model is 
incomplete; rather, the complex pattern of diversification is strongly intertwined 
with paleogeographic events. Our inferences about the past history of the poison 
frogs using ancestral area reconstructions and diversification analyses provide 
new insights on speciation and extinction patterns in the Neotropics. Three 
species richness patterns are potential explanations for the extant diversity 
differences among regions of the Neotropics: (1) high immigration into one 
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region after suitable geoclimatic conditions are established, (2) gradual in situ 
diversification of old endemic clades, regardless of the geoclimatic conditions, 
promoting species accumulation; or (3) rapid in situ diversification of endemic 
clades after favorable geoclimatic conditions are established. W found that all 
three patterns might apply to different areas depending on historical context. 
All extant Amazonian species descended from 14 lineages that dispersed 
into the Amazon Basin, mostly after the Miocene floodbasin system receded. The 
recurrent immigrations that originated mostly in the adjacent Andes (species-
richness pattern 1), combined with an increased rate of diversification, explain the 
high α–diversity of Amazonia. Later, from the Miocene-Pliocene boundary to the 
present, a rapid in situ diversification (pattern 3) gave rise to the extant 
Amazonian endemic biota. Therefore, most species in Amazonia originated i  he 
last 10 MY. Moreover, lineages immigrating into Amazonia at < 8.0 MYA 
radiated rapidly, resulting in widespread species and young clades (e.g., 
Ameerega, Allobates trilineatus, A. femoralis and Dendrobates ventrimaculatus 
groups).  
The diversity in the Chocoan-Central American super-region derived from 
scattered immigrations (pattern 1) from Andes to the early Chocoan rainforest 
during the late Miocene. However, starting at the Miocene-Pliocene boundary, 
significant orogenic events gave rise to the Central American archipelago (Coates 
et al. 2004; Coates and Obando 1996) followed by sea level fluctuations (Zachos 
et al. 2001), which provided the conditions for repeated dispersal and vicariance 
events in pre-Panamanian Land Bridge islands. Evidence of rapid in situ 
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diversification (pattern 3) is supported by the high genetic diversity observed 
among poison frogs and other lineages especially between Western and Eastern 
Panamá (Bermingham and Martin 1998; Wang et al. 2008; Zamudio and Green 
1997). Interestingly, our results might explain the high β–diversity of other 
endemic clades within the Chocó-Central America super-region (Condit et al. 
2002) as originating initially from long-distance dispersals betwe n disconnected 
islands, with diversification later during isolation by high sea levels. 
The Andes have undergone extended in situ diversification (pattern 2) 
since the late Eocene. However, our analyses also provided evidence of decline in 
the diversification rate since the middle Oligocene, which has important 
implications for history and conservation of the endemic Andean fauna. First, the 
Andes uplift at the Miocene–Pliocene boundary caused significant changes in the 
rate of diversification in the lowland transition zone. We found that several poison 
frog lineages distributed on one or both sides of the Andes had dispersed 
repeatedly before the Miocene uplift (i.e., five cross-Andean and five Northern to 
Central Andes migrations). Paleogeological evidence supports introgression of 
shallow seas across the northern Andes during the Miocene (Hoorn 1994), 
suggesting a historical connection between the Amazon Basin and the Chocó. 
Second, the Pliocene Andean uplift (>2000 masl) (Gregory-Wodzicki 2000) 
formed a significant barrier to dispersal, because no other cross-Andean dispersals 
were found.  The uplift also was associated with dramatic ecologi al changes 
(Gregory-Wodzicki 2000) and a decrease in diversification rates. These results 
suggest a role for niche conservatism (Kozak and Wiens 2007; Wiens and 
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Graham 2005), in that some lineages may have gone extinct because of failure to 
adapt. Alternatively, despite greater sampling effort in the Andes region than in 
other areas, we failed to find some previously common Andean species (.g., 
Hyloxalus jacobuspetersi and H. lehmanni). Consequently, it is difficult to 
separate a natural decrease in diversification rates from the curr nt trend of 
amphibian species extinctions at high altitudes due to anthropogenic habitat 
alteration (Pechmann et al. 1991), increased UV radiation (Kiesecker t al. 2001), 
climate change (Pounds et al. 2006), or pandemic infection (Lips et al. 2008). In 
contrast, the montane transition zones of the Andes and adjacent lowlands (Chocó 
and Amazonia) have become centers of rapid cladogenesis (pattern 3), and species 
richness in these transition zones might be underestimated because many 
Neotropical lineages have been shown to contain several cryptic specie  (Hebert 
et al. 2004). Therefore, dispersals within or across the Andes diminished during 
the Pliocene, but diversification has intensified in the Andes-lowlands interface. 
Although some of the oldest lineages of poison frogs originated in the 
Guiana Shield and the Venezuelan Highlands (>30 species), our results suggest 
extended in situ diversification (pattern 2) followed by a decline in the rate of 
diversification of endemic clades in both areas since the earlyMiocene. Along the 
same lines, the Guiana Shield has high poison frog endemism, which is mostly 
restricted to the summits of the sandstone tepuis (Señaris and MacCulloch 2005), 
while recent Amazonian poison frog immigrants occupy lowlands adjacent to the 
tepuis. Our results suggest that the decline of endemic Guianan diversity might be 
associated with ecological changes in habitat due to the collapse of the ancient 
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tepuis (Burnham and Graham 1999) and repeated dispersals from Amazonian 
lineages since the Pliocene. However, the diversity of poison frogs in the Guiana 
Shield is only beginning to be revealed (Señaris and MacCulloch 2005). In 
contrast, diversification in the Venezuelan region most likely reflects the oldest 
vicariant event in Dendrobatidae, at 40.9 MYA. The costal ranges of Mérida, 
Cordillera de la Costa, and Paria peninsula are species rich but t eir otal area is 
less than 5% of that of the Amazon Basin. No lineage of this endemic fauna has 
dispersed out to other regions since the early radiation of the poison frog family in 
the late Eocene. However, Eocene floristic paleoecological reconstruction of the 
Venezuelan Highlands area showed that it was more diverse than at present 
(Jaramillo et al. 2006), suggesting that the ancestral habitat of poison frogs might 
have been lowland. The depauperate dendrobatid fauna of the Venezuelan llanos 
and Brazilian Shield plateau is puzzling, but might be related to Holcene aridity 
(Marchant and Hooghiemstra 2004).  
The recurring dispersals to Amazonia suggests that a large part of 
dendrobatid diversity results from repeated immigration waves at <10.0 MYA, 
followed by a rapid in situ diversification after geoclimatic conditions suitable for 
a rainforest ecosystem were present. The biota of Amazonia was not i olated 
during the process of diversification, but finely intertwined with the development 
and export of biodiversity across the entire Neotropical realm. Poison frog 
diversity in the Chocoan-Central American super-region was significa tly 
associated with  formation of the Panamanian Land Bridge in the Pliocene. 
Repeated dispersals between disconnected islands followed vicariance by cyclic 
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high sea-level periods, promoted rapid in situ diversification and endemism of 
poison frog lineages. The extant Andean, Guianan, and Venezuelan Highlands 
fauna most likely originated after prolongated in situ diversification since the 
origin of the poison frog clade, but the pace of species formation w thin these 
areas has slowed down. Phylogenetic analyses on tropical biota such a  birds 
(Fjeldså 1994) and the species-rich genus I ga (Richardson et al. 2001) as well as 
models of diversification (Moritz et al. 2000), have argued that the Amazon might 
accumulate older lineages; however, the origin of those lineages is not clear. Our 
results are the first to provide evidence, to our knowledge, of the major 
involvement of the Andes as a source of diversity of the Amazon. Becaus  23.5% 
of endemic Amazonian amphibian species are dendrobatids (i.e., ~70 of 298) 
(Duellman 2005), our results may generalize to other terrestrial biota. Moreover, 
these results provide a crucial broad spatiotemporal framework that, coupled with 
realistic phylogeny-based explanations of the current richness in Neotropics, 
explains why species occur where they do and how they came to get there. Thus, 
the major patterns of dispersals and radiations in the Neotropics were already set 
by the Miocene–Pliocene boundary, but the ongoing process of Neotropical 
radiation is occurring now, in the Chocó–Central America region and especially 
in the Amazonian rainforest. 
Corrections to Taxonomy 
Our phylogenetic analysis found results generally similar to previous 
phylogenetic hypotheses (Grant et al. 2006; Santos et al. 2003). For the purpose of 
this paper, some corrections to the Grant et al.’s (Grant et al. 2006) taxonomy 
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must be made in order to have a nomenclature concordant with well supported 
clades, and to avoid ambiguity and subsequent confusion in the literature of this
family.  
The monophyly of Dendrobatidae (sensu Noble 1926) (Noble 1926) has 
always been strongly supported by previous studies (Grant et al. 2006; Santos et 
al. 2003). The taxonomic split of Dendrobatidae into two families (i.e., 
Aromobatidae and Dendrobatidae) is unnecessary and adds no new information. 
Grant et al.’s (Grant et al. 2006) primary reason for the split is the inability to 
sequester alkaloids (i.e., chemical defense) in Allobatinae (Aromobatidae sensu 
Grant et al.).  Very few species of Aromobatidae have been documented as being 
unable to sequester alkaloids, and many species of Colostethinae and Hyloxalinae 
are unable to do so (Daly et al. 1994; Myers et al. 1991). The restriction of 
Dendrobatidae to include only Colostethinae, Dendrobatinae, and Hyloxinae is 
rejected here, because (1) some of the putative synapomorphies are poorly 
defined, (2) the characterization of some Colostethinae and Hyloxinae as not able 
to sequester alkaloids is unfounded, because the chemical profile of the vast 
majority of species is lacking, (3) the alignment and phylogenetic analysis 
methods used are dubious (Wiens 2007), and (4) repeated mistakes in their 
molecular dataset were found (see below). For these reasons, the proposed split is 
not followed and we return Dendrobatidae to a single family that includes all 
members of both of the Grant et al.’s Dendrobatidae and Aromobatidae.  
Grant et al. (Grant et al. 2006) redefined Colostethus to be monophyletic, 
but did not include the type species C. latinasus in their analysis. We found clear 
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paraphyly of Grant et al.'s (Grant et al. 2006) redefined Colostethus (indicated by 
Colostethus 1 and 2, each with high support), which paradoxically still renders 
Colostethus paraphyletic even after all the proposed taxonomic rearrangements to 
remove paraphyly. For the moment, we restrict Colostethus to the group of C. 
latinasus and allies (species in Colostethus 1 clade). Colostethus sensu lato is 
applied to the aggregate of species found in Colostethus 1 and 2 clades in our 
phylogeny.  
Third, Dendrobates sensu lato (including Adelphobates, Dendrobates, 
Excidobates, Minyobates, Oophaga, and Ranitomeya) was found to be a well-
supported monophyletic group (as it was previously); thus the splitting of 
Dendrobates into several genera is unnecessary (e.g., Excidobates (Twomey and 
Brown 2008)) and Grant et al. did not provide an unambiguous list of 
synapomorphies for their generic concepts.   Some of the putative 
synapomorphies for genera used by Grant et al. (Grant et al. 2006) are ambiguous, 
and others are problematic; These include those with sequence errors (see below), 
those that are polymorphic intraspecifically (coloration pattern and lkaloid 
presence), poorly defined (e.g., advertisement call type), or undetermined in most 
species (e.g., larvae morphology, chromosome number, alkaloid profile, and type 
of parental care). Therefore, we synonymize Adelphobates, , Excidobates, 
Minyobates, Oophaga, nd Ranitomeya in the genus Dendrobates. 
Other minor changes are: (1) Allobates craspedoceps was found within 
Hyloxalus, so a new combination is proposed:  Hyloxalus craspedoceps; (2) 
Hyloxalus argyrogaster was found with Colostethus sensu lato, so its new 
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combination is Colostethus argyrogaster, and (3) we were able to find remnant 
populations of Allobates peruensis (closely allied to A. kingsburyi); thus it is a 
valid name and not a nomen dubium as proposed by Grant et al. (Grant et al. 
2006).  
 Some discrepancies between our results and those of Grant et al. (Grant et 
al. 2006) are explainable by mistakes in their molecular dataset. One set of 
mistakes possibly came from contamination. For example, the cytochrome 
oxidase (COX) sequence of Allobates brunneus (GenBank DQ502910) is 
identical by BLAST search to the paper wasp Polistes dominulus (GenBank 
DQ172914); similarly, the COX sequence of Allobates femoralis (GenBank 
DQ502733) is identical to Mediterranean sand smelt fish At erina hepsetus 
(GenBank AY290810).  Apparently, some tube mislabeling also occurred; as one 
example, the RAG-1 sequence of Colostethus fraterdanieli (GenBank DQ503373) 
is identical to Phyllobates bicolor (GenBank DQ503377) and not to other C. 
fraterdanieli RAG-1 sequences of the same population (GenBank DQ503371-2 
and DQ503375). Although we used some sequences from Grant et l. (Grant et al. 
2006) in our analysis, none yielded anomalous results. However, the possibility 
that other sequences not used by us might come from misidentified specimens 
remains. For these reasons, we suggest the sequences in Grant et al. (Grant et al. 
2006) require thorough vetting through BLAST 





 Diversity   
Super-Region Total Sampled γ p 
Amazon Basin 76 61 2.192 0.028* 
Andes 130 73 0.961 0.337 
Central America-Chocó 73 62 3.054 0.002* 
Guiana-Venezuela-
Brazilian Shield 74 30 -0.012 0.991 
All Areas 353 223 -0.662 0.508 
 
Table 2.1: Results of the adjusted γ statistic (Pybus and Harvey 2000; Weir 
2006) from the chronogram and subtrees of each of the super-
regions, the total taxonomic diversity (described and undescribed 
species), the number of species sampled in the poison frog 
chronogram and super-regions, the adjusted γ statistic, and the 
probability of rejecting H0: the pure birth expectation of exponential 
growth, γ = 0. 
 
 
Table 2.2: Diversification rate estimates and fit under constant, flexible, and 





Table 2.3: Significant shifts in diversification rate under the flexible-rat  model 
with the lowest extinction fraction (a = 0).  Node numbers 
correspond to Figure 2.3 and the  might be spurious due to a 










Figure 2.1: Biogeographic areas, extension of the floodbasin system or marine 
incursions (hatched arrows), and possible connections within 
Cenozoic paleogeographic maps of Central and South America, 
modified (Hoorn, 1994; Diaz de Gamero, 1995). Panels A-D 
correspond to paleogeographic reconstruction of northern South 
America. A: early to late Eocene; B: late Oligocene to middle 
Miocene; C: middle to late Miocene; and D: early Pliocene to the 
present. Uncertainties about the limit between biogeographic regions 
before the Pliocene are indicated by “?”. The hypotheses about the 
spatial configuration of biogeographic areas on the origin of 
Neotropical diversity are indicated in the panels E-G. E: the null 
model (H0: SM0), that assumes no spatial structure and equal rates of 
dispersal among all areas; F: the center-of-origin model (HA: SM1), 
that assumes the Amazonia as the primary center of origin with 
widespread ancestral ranges constrained to include the Amazon 
Basin; and G: the stepping-stone model (HA: SM2), that the assumes 
the historical spatial arrangement of biogeographic areas and 
constrains dispersals among geographically adjacent areas. The 
biogeographic areas used in the dispersal-extinction-cladogenesis 
(DEC) modeling are the Amazon Basin (C), Guiana Shield (B), 
Venezuelan Highlands and Trinidad and Tobago Islands (D), North 
Oriental Andes (E), North Occidental Andes (F), Central Oriental 
Andes (G), Central Occidental Andes (H), Chocoan rainforest, 
Magdalena Valley, and Gorgona Island (I), Central America west of 






Figure 2.2: Box Chronogram and major biogeographic events of the poison 
frogs divided by major regions and inferred from the DEC 
(dispersal-extinction-cladogenesis) analysis. The green slice of th  
pie charts is the proportion of the likelihood associated with 
Amazonian reconstruction using Bayesian analysis of ancestral 
traits. The test results against the null hypothesis of an Amazonian 
ancestral state are indicated as * (p < 0.05) significant and ** (p < 
0.001) highly significant. In the chronogram, support values from 
200 non-parametric bootstrap replicates (ML), Bayesian posterior 
probabilities (PP), and the 95% CI of the estimated node age are also 
indicated. The major geographical events reconstructed using the 
SM2 model were mapped onto the ML phylogeny. The Amazon 
Basin subtree includes dispersals into Amazonia (numbered white 
squares), out of Amazonia (numbered gray squares), major lineage 
diversifications (5), and a lineage extinction (†). The Andes subtree 
includes cross-Andean (ca boxes) events, Northern-Southern Andean 
(ns boxes) dispersals, and the identification number of each event 
(Santos et al. 2009). The Guiana-Venezuela subtree includes 
dispersals toward this region from the Amazon Basin lineages (ad 
boxes) and the identification number of each event (Santos et al. 
2009). The Central America-Chocó subtree indicates the three 
dispersals from Chocó and Central America (d1, d2, and d3 yellow 
boxes), dispersals from the Andes to the Chocó (ai boxes), from the 
Chocó to the Andes (ia boxes) and the identification number of each 
event (Santos et al. 2009). For all subtrees, the tree branches and the 
rectangles at the tips of each tree are color coded as follows: (1) gray 
rectangles connected by gray branches mean extant lineages 
distributed in other areas different from the subtree region, but that 
descend from an ancestor distributed in the exemplified subtree 
region, (2) white rectangles connected by black branches indicate 
extant lineages distributed in other areas different from the subtree 
region, (3) color-coded rectangle and branches indicate extant 
lineages distributed in the exemplified subtree region. The duration 
of the Miocene floodbasin systems is indicated by blue-gray area. 
For detailed ancestral area reconstructions and date estimates with 






Figure 2.3: The genus-supraspecific level tree (GSPF chronogram) of poison 
frogs with known taxonomic diversity (i.e., numbers within 
parentheses) and significant diversification rate changes for nodes or 
lineages from Table 2.3 ( indicates rate increase, and  indicates 
rate decrease). Taxonomic diversity is indicated by the species 
sampled in our study (left number) and the total number of species 
described per group or genus (right number). The highest 
diversification increase (node 1) corresponds to the widespread 
Ameerega lineage that rapidly expanded into Amazonian since the 
late Miocene. The Andean-Amazonian increase (node 2) 
corresponds to the diversification of clade Colostethus 2 in the early 
Miocene. The Chocoan increases (nodes 3 and 10) correspond to the 
lowland radiation in western Colombian and Ecuadorian lowlands of 
Colostethus sensu lato, Epipedobates, and Silverstoneia during the 
middle Miocene and before the formation of the Panamanian Land 
Bridge. The Guiana decrease in the early Miocene (node 4) 
corresponds to the Allobates lineage of the Guianan tepuis. The 
Amazonian rate increases (nodes 5 and 9) correspond the largest 
radiation of Allobates since the Miocene to the Pliocene. The 
Andean-Amazonian increase (node 6) corresponds to the 
diversification of clade Dendrobates from the eastern Central 
Andean foothills into Amazonia since the early Miocene. The 
Andean decreases (nodes 7 and 8) correspond to a slow-down of the 
diversification of Hyloxalus (Clade B) and Rheobates (Clade A) 
lineages during the late Oligocene and Pliocene, respectively. The 
significant increases indicated by  next to nodes 2 and 9 might be 
dependent on deeper nodes (i.e., 1 and 5 respectively) and produced 
by a “trickle-down effect” (see Lineage Diversification section). 
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Chapter 3: Evolution of Complex Phenotypes in Poison Frogs: 
Scaling and Aposematism  
INTRODUCTION 
Biological systems can be described as an array of phenotypes derived by 
common ancestry, natural selection, and drift (Pigliucci and Preston 2004). Each 
phenotype is shaped by interactions with other traits at different levels, which
provide epigenetic and emergent properties to the organism as a whole. Adaptive 
landscapes are structured from the plasticity among phenotypic traits (V n 
Buskirk and Steiner 2009) and polymorphic phenotypes are derived from genetic 
interaction (e.g., epistasis, codominance) (Whitlock et al. 1995). Therefore, the 
co-adapted functionality of multiple traits is likely to increase the complexity and 
diversity among living organisms. Here, we present a description of the 
phenotypic landscapes of aposematism and scaling (body mass and metabolic 
rates) as emergent complex traits in poison frogs using multivariate evolutionary 
comparative analyses. As well, we provide a phylogenetic analysis of metabolic 
rates in Anura.  
Life-history traits associated with energy allocation for maintenance, 
growth, and reproduction are usually scaled to mass (Calder 1996). Scale has 
important ecological and evolutionary implications in the mechanistic and 
adaptive energy flux between individuals and their environment (Brown et al. 
2000; Woodward and Hildrew 2002). Body size has definitive consequences for 
species abundance, interspecific competition, foraging ecology, social 
interactions, home range, life expectancy, generation time, and all metabolic 
processes (Dayan and Simberloff 2005; Moen and Wiens 2009; Schmidt-Nielsen 
1984). Scale also has ecological and evolutionary implications above the 
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organism level in the generation of diversity and assemblage of ecosystems 
(Banavar et al. 1999; Brown et al. 2004). 
Metabolism is the most significant life-history property; it is defined as the 
set of all biochemical reactions within an organism (Hulbert and Else 2000). 
Metabolic rates are tightly associated with body mass and heat production at 
different activity levels (Schmidt-Nielsen 1984). Basal metabolic rate (BMR) is 
the basic measure of the minimal energetic cost to sustain life and proportional to 
other metabolic rates (Hulbert and Else 2000). For ectotherm vertebrates (e.g., 
fish, amphibians, and reptiles), the minimal energetic cost of maintenance is 
called the resting metabolic rate (RMR); it is measured at rest, at controlled 
temperature, and in a post-absorptive status (Feder and Burggren 1992). At higher 
levels of activity, the energetic cost during activity is called active metabolic rate 
(AMR) under sustainable locomotion (e.g., endurance) or non-sustainable 
exercise (e.g., forced activity) (Feder and Burggren 1992). A common derivation 
of both measurements (e.g., difference or ratio) is the metabolic scope or the 
amount of energy provided by aerobic pathways for muscular activity (Schmidt-
Nielsen 1984). However, most metabolic rate studies usually lack a phylogenetic 
perspective as well as knowledge of the association of metabolic rate with other 
traits, which required for understanding the evolution of complexity across the 
Tree of Life (Feder et al. 2000).  
Since Darwin's time, few complex phenotypes have attracted so much 
attention on their evolution and maintenance as aposematism (Harlin and Harlin 
2003). Aposematism is a deterrence strategy that is best described as an emergent 
trait derived from the significant association of warning signals (e.g., conspicuous 
coloration) and the presence of defense (e.g., noxious substances) (Marples et al. 
2005; Servedio 2000). In the aposematic interaction, potential predators are 
expected to easily associate brightly colored prey with a costly or lethal meal and 
thus abstain from attack (Guilford 1988; Harlin and Harlin 2003). At least three 
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reasons make the evolution and maintenance of aposematism complex. First, the 
origin of defense might require a physiological capability to synthesize or 
sequester defensive compounds (Broom et al. 2005; Nishida 2002). Second, 
conspicuousness has to be effective and associated with the degree of defense of 
the prey by potential predators (Stevens 2007). Three, conspicuousness and 
defense might have to originate in simultaneously and require comparable 
energetic costs for maintenance (Blount et al. 2009). Under these conditions, the 
evolution of unpalatability is more likely to precede the origin of warning signals 
(Alatalo and Mappes 1996; Guilford 1988; Guilford and Dawkins 1993; 
Lindström 1999; Tullberg et al. 2000). However, the evolution of aposematism 
might be entangled with other traits (e.g., diet specialization, gregariousness, 
metabolism) and their associations might directly contribute to its mainten ce 
and diversification (Ruxton and Sherratt 2006; Ruxton et al. 2004). 
Complex phenotypes usually emerge from component trait covariation, 
selection, and environmental factors. For the origin of defense, some aposematic 
systems rely on xenobiotic metabolites usually derived from prey or symbionts 
and require dietary specialization (Darst et al. 2005; Santos et al. 2003). However, 
specialists are expected to have lower fitness than generalists unles the selection 
favors multiple adaptive peaks (Vantienderen 1991). Additionally, phenotypic 
specialization on a narrow prey range is energetically inefficient b cause of 
rejection of syntopic prey items (Robinson and Wilson 1998).  
Amphibians are not an exception to the evolutionary implication of scale. 
The ecological implication of body size in amphibians has been documented for 
salamanders (Burton and Likens 1975) and frogs (Beard et al. 2002; Stewart and 
Woolbright 1996). In anurans, body size has mostly been studied in the context of 
community assemblage, niche partitioning (habitat and dietary), predation, and 
sexual selection (Duellman and Trueb 1986; Wells 2007). However, the 
evolutionary aspects of scale in anurans in a phylogenetic context are rarely 
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studied (Kozak et al. 2009; Moen and Wiens 2009). Few diverse lineages of 
anurans have been studied for multiple traits simultaneously.  
Probably one of the best examples of a complex of traits in a single 
lineage of amphibians are the poison frogs (Dendrobatidae). Dendrobatids are an 
endemic Neotropical clade (~270 species) of small anurans (body mass ranges 
from ~0.1 to 10 g, 2 orders of magnitude). This group has a well-sampled 
phylogeny (Grant et al. 2006; Santos et al. 2009) and distinctive adaptations 
including conspicuous coloration, alkaloid sequestration, complex parental care, 
and diet specialization (Darst et al. 2005; Santos et al. 2003; Summers and Clough 
2001; Summers and Earn 1999; Summers et al. 1999). Brightly colored species 
usually have skin alkaloids (~800 identified) derived by sequestration from 
specialized diet of ants and mites (Daly et al. 1994; Saporito et al. 2009). 
Physiologically, only seven species of poison frogs have been characterized 
metabolically, but without a broader context of the tendencies of the clade (Navas 
1996a; Navas 1996b; Pough and Taigen 1990; Taigen and Pough 1985; Taigen 
and Pough 1983b). The implications of aerobic metabolism have been 
hypothesized to be associated with alkaloid sequestration and diet specialization 
(Pough and Taigen 1990; Taigen and Pough 1985; Taigen and Pough 1983b). 
However, a comprehensive phylogenetic approach that includes metabolism, 
aposematism, diet specialization, and scale under a single multivariate 
phylogenetic comparative analysis is lacking.  
The main goal of our research is to provide the first integrative pproach 
to the evolution of complexity in the poison frog clade. We have divided our 
effort into several objectives and specific tests of hypotheses. First, we provided 
of adequate background for the poison frogs by constructing a metanalysis of the 
metabolic physiology of anurans using phylogenetic comparative techniques. Our 
null hypothesis is that poison frogs as a clade do not differ fromother anurans. 
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Second, we tested whether the evolution of higher aerobic capacity is associated 
with aposematism and diet specialization.  For this purpose, we used a 
combination of multivariate regressions and bivariate comparative analyses (e.g., 
independent contrasts and general least squares analyses). Third, we reconstructed 
the evolutionary history of aposematism, diet specialization, and high aerobic 
capacity using maximum likelihood ancestral state reconstructions. Fourth, we 
implemented a new phylogenetic multivariate approach based on exploratory and 
confirmatory factor analyses to model the underlying phenotypic landscpe of 
trait associations between aposematism, metabolism, and scale variables. We 
fitted seven alternative hypotheses and find the best model of phenotypic 
associations that explains our observed data based on a LTR likelihood ratio test 
for model fit. Our results revealed a complex network of multivariate correlations 
among the traits, and we propose a model of phenotypic integration of 
conspicuousness, alkaloid sequestration, diet specialization, and aerobic 
metabolism adaptations. 
 
MATERIALS AND METHODS 
Capture and Handling of Poison Frogs 
We measured physiological parameters from 474 individuals of 55 specie  
of poison frogs (Figure 3.1 and Table 3.1).  Measurements from 49 specie  (454 
individuals) were obtained from natural populations and the remaining six species 
(20 individuals) from captive bred individuals. Adult individuals from natural 
populations were collected by hand during the day, in pristine or secondary 
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growth habitats. Frogs were transported from the collection site to he field lab in 
plastic containers provided with humid substrate. In the lab, all animals were kept 
fully hydrated, fed ad libidum, and allowed to adjust to lab conditions (24.5- 5.5 
°C) for 1-2 weeks. Before the experiments, the animals were fasted for 2-3 days to 
ensure that they do not expend energy on digestion. Two physiological variables 
were measured: (1) resting metabolic rate (RMR, oxygen consumption while 
resting or VO2rest consumed/hour), and (2) active metabolic rate after non-
sustainable exercise (AMR, oxygen consumption after forced activity or 
VO2active consumed/hour). All measurements were taken between 24.5-25.5 °C, 
during the day from 10:00h-18:00h (poison frogs are diurnal and crepuscular), 
and the same individual was measured between 2-3 times to estimat individual 
variability. Ambient water pressure was determined using a digital thermo-
hygrometer (Mannix PTH8708). Animals were weighed before and after 
physiological measurements to the near 0.01 g with a digital balance (Ohaus 
Scout Pro Balance SP-202). Capture and handling of the animals were in 
concordance to the protocols under the animal care permit IACUC #05111001.  
 
Measurement of the Physiological Parameters 
We measured the rates of O2 consumption by constant-volume 
respirometry using O2 gas analyzer, scrubbing only water vapor with
VCO2produced correction (Lighton 2008). We used ambient O2 as span gas, and 
O2 consumption estimated using manual bolus integration (Gomes et al. 2004; 
Lighton 2008; Navas 1996b). The experimental chambers (plexiglass or glass) 
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ranged in volume from 18-110 mL with enough volume to allow free moveent 
of the individual. Between 4-6 hours before the experiment, the individuals were 
placed in their experimental chambers at standard temperature (24.5-25.5 °C) with 
incurrent ambient air at low flow rate and fully hydrated to reduc stress before 
the measurements. The effect of altitude of the field lab or origin of the 
experimental individuals (i.e., pet trade or natural population) did not affect the 
accuracy of our measurements (see Supplementary Methods). 
Oxygen concentration was estimated using a field portable integrated 
oxygen analysis instrument (FoxBox, Sable Systems Inc.). The measurements 
were done to 0.001% resolution for O2 concentration, and barometric pressure 
compensation with accuracy at 0.1%. Before each measurement, the oxyg n 
analyzer was calibrated to ambient O2 concentration (0.2095) and the mass flow 
controller was set to 200 mL/minute. Water vapor was scrubbed using anhydrous 
CaSO4 (Drierite, W. A. Hammond DRIERITE Co. LTD), and temperatures of the 
chamber and ambient were recorded using thermocouples during each 
measurement.  
For the first parameter (RMR or VO2rest consumed/hour), fresh air was 
injected into the chamber and then it was hermetically closed for 1 hour. The 
frogs were kept at the control temperature, in a dark container, a d constantly 
monitored for movement (data from frogs that moved were discarded). The 
measurement was repeated 2-3 times and the lowest measurement was used as an 
estimate of the resting metabolic rate (Table 3.2). For the second parameter (AMR 
or VO2active consumed/hour), fresh air was injected into the chamber and then it 
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was closed for 4 minutes. The chamber was manually rotated causing the frog to 
move (e.g., hop or walk) and forcing the individual to reach non-sustainable 
exercise level. The measurement was repeated 2-3 times with at least 1 day 
between experiments and the average was used as an estimate of the active 
metabolic rate (Table 3.2).  
After each experiment, the air mixture from the chamber was injected into 
the flow-through respirometry system in a push mode configuration with the mass 
flow controller upstream, and the water vapor scrubber downstream of the 
chamber. The O2 concentration was recorded from the air exiting from the 
scrubber for 10 min at 0.5-sec intervals using the data logger FoxBoxDaemon for 
ExpeData ver 1.0.17 (Sable Systems Inc.). The volume of O2 consumed after the 
experiment (VO2comsumed) was determined using the standard equations for 
constant-volume respirometry (Bartholomew and Lighton 1986; Lighton 2008; 
Navas and Gomes 2001) (see Supplementary Methods). Data recorded were log-
transformed and corrected for body weight, temperature, and barometric pr ssure 
to normalize distribution before analyses. Our estimates of O2 consumption were 
validated against a dry mixture of O2 and N2 in 24 different concentrations 
(range: 13.50-20.75% O2) as a reference for the manual bolus integration 
(Lighton 2008).  
Aerobic metabolic scope (Scope) was calculated by the differenc 
between AMR and RMR (Gatten et al. 1992). Scope provides an estimate of the 
amount of energy provided by aerobic pathways for muscular activity and the 
maximal rate at which oxygen used by the organism (Schmidt-Nielsen 1984). 
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Additionally, we calculated the factorial aerobic scope (AMR/RMR) as an 
estimate of the factor by which oxygen consumption increases with forced 
physical activity (Gatten et al. 1992).  
The volume of O2 consumed by the individual after the experiment 
(VO2comsumed) was adjusted to STP conditions (standard conditions for temperature 
and pressure) and determined by the following equation (Lighton 2008; Vleck 
1987):  
 
VO2comsumed = [VCH (F’ iO2 – F’eO2)]/[1 – F’eO2(1 – RQ)] 
 
where, VCH is the volume of the experimental chamber, F’ iO2 is the fractional 
concentration of O2 at the beginning of the experiment, F’eO2 is the fractional 
concentration of O2 within the chamber at the end of the experiment, and RQ is an 
approximation to VCO2produced in ~3% if 0.85 is assumed(Vleck 1987).   
The estimations of the other parameters (excluding RQ) were determined 
with the following equations. The volume of the experimental chamber VCH is 
determined by the following: 
 
VCH = VInitial – (Mindividual ρindiviual) – ViH2O  
 
where, VInitial is the volume in mL of the empty chamber, Mindividual is the mass of 
the individual in grams, ρindiviual is the density of the organism and usually 
assumed to be 0.98 g/mL (Lighton 2008), and ViH2O is the water pressure 
estimated from the ambient humidity.  
The F’ iO2 or fractional concentration of O2 within the chamber at the 
beginning of each experiment was determined by  
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F’ iO2 = ViO2/VCH  
 
where, ViO2 is the volume of O2 initially present at the beginning of the 
experiment and VCH is volume of the experimental respirometry chamber. 
The F’eO2 or fractional concentration of O2 within the chamber at the end 
of each experiment was determined by  
 
F’eO2 = (ViO2 – VO2comsumed)/(VCH – VO2comsumed + VCO2produced – VH2O) 
 
where, ViO2 is the volume of O2 initially present at the beginning of the 
experiment, VO2comsumed is the volume of O2 consumed by the individual after the 
experiment, VCH is volume of the experimental respirometry chamber, VCO2produced 
is the volume of CO2 produced by the individual after the experiment, and VH2O is 
the water vapor lost by the individual after the experiment. 
  
Anuran Metabolic Rates Metanalysis 
 We compared our physiological measurements of poison frogs against 
those of anurans as a clade. Physiology measurements (RMR and AMR) at 20°C 
and 25°C of 117 species of anurans were compiled to include those from Gatten
et al. (1992) (Gatten et al. 1992) and new species reported after that review (Table 
3.3). We tried to maximize the amount of statistical information for both RMR 
and AMR to accurately reflect the general trends in anurans. In general, most 
RMR methodologies are comparable and allowed us to combine them for 
statistical analyses (Gatten et al. 1992; Wells 2007). In contrast, AMR is 
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determined by two common experimental methodologies (hand or motor treadmill 
rotation) to achieve the level of physical activity required in maxi izing the O2 
consumption (Gatten et al. 1992). Different physiologists have advocated for one 
methodology over the other as more reliable approach to maximize O2 
consumption (Rogowitz and Sánchez-Rivoleda 1999; Walsberg 1986; Wells 
2007). Hand rotation accounts for > 70% of all the reports of AMR in anurans and 
most of motor rotation measurements came from mostly “walker frogs” especially 
bufonids (Gatten et al. 1992; Wells 2007). We compared the VO2active 
consumed/hour for both techniques and found a slight tendency (F1,40 = 3.878 p 
= 0.056NS)  for higher rates of oxygen consumption at 20°C by animals that used 
the treadmill. However, we found not a significant effect (F1,40 = 0.002 p = 
0.961NS) for different rates of oxygen consumption at 25°C by animals that used 
either the treadmill or the manual rotation. Therefore, we combined both m or 
and hand rotation AMR measurements in a single analysis. 
 
Measurement of Conspicuousness 
Our approach was based on the sampling coloration from scanned color 
photographs using a “pixel count ” methodology (Summers and Clough 2001) 
(see explanation in Supplementary Methods). Our technique can be summarized:  
(1) we took color photographs with flash from the dorso-lateral side of the 
sampled species and their natural background (leaflitter); (2) the frog and le flitter 
images were divided between 15-30 non-overlapping polygon samples of 
homogeneous color with Adobe PHOTOSHOP (Adobe 2008); (3) from each 
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polygon, we took the number of pixels, and the means from luminosity 
(brightness), and from each of the histograms of the primary colors (red, green, 
and blue, RGB); (4) we use a MANCOVA analysis of the luminosity (covariate) 
and the RGB channels to determine the predicted values for each RGB channel 
under constant luminosity; (5) a two-step likelihood cluster analysis was used to 
calculate the RGB coordinates (a 3-D coordinate) of the centroid of all leaflitter 
measurements; (6) the Euclidean distance between each frog polygon and the 
leaflitter centroids was used as a relative measurement of the conspicuousness of 
the polygon; (7) the proportion of pixels of the polygon to the total number 
sampled was multiplied to Euclidean distance, which provided a weighted 
contribution of the total conspicuousness of the frog; and  (8) the total relative 
conspicuousness of the frog was determined by adding  polygon the weighted 
color distances. Our methodology provides a continuous relative measurement of 
conspicuousness against a natural background environment (leaflitter) useful for 
the comparative analyses (Table 3.4). Alternatively, we also use a binary 
classification of the coloration by setting a cutoff for conspicuousness from values 
above the mean (i.e., 57.69) of the continuous color ranking. 
Skin Alkaloid Profiles 
Lipophilic skin alkaloid profiles were compiled from poison frog alkaloid 
published accounts (Daly et al. 1999; Daly et al. 2009; Darst et al. 2005; Saporito 
et al. 2007) and assessed (presence and concentration) from six species (20 skins) 
using thin layer chromatography (TLC; Table 3.4). The protocol for TLC was 
explained in detail on previous skin alkaloid assessments from poison frog skins 
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(Myers and Daly 1976) (Darst et al. 2005). We used five positive controls from 
methanol skin extracts of Dendrobates sylvaticus, Ameerega parvula, and A. 
bilinguis. Our negative controls included two methanol skin extracts of Hyl xalus 
maculosus and pure methanol (Figure 3.2). We failed to find alkaloids in skins of 
Allobates kingsburyi, Colostethus fugax, Epipedobates machalilla, Hyloxalus 
nexipus, and H. vertebralis. However, we found alkaloids in skins of Dendrobates 
captivus.  
We divided the lipophilic skin alkaloid profiles into three variables: 
presence (categorical), concentration (continuous), and diversity (continuous) 
(Table 3.4). Alkaloid presence corresponds to proven ability of species to 
sequester lipophilic alkaloids. We scored as positive all species wth skin 
alkaloids or those that have been experimentally demonstrated (e.g., artificial 
alkaloid feeding) to sequester alkaloids. We scored Hyloxalus azureiventris to be 
able to accumulate alkaloids based on the recent review of the arthropod dietary 
origin (Daly et al. 2009). Alkaloid concentration corresponds to abundance of 
lipophilic alkaloids detected in 100 mg of skin: 0 (no alkaloids detected), 1 
(alkaloids present < 50 µg), 2 (alkaloids present > 50 and < 200 µg), and 3 
(alkaloids present > 200 µg). We found significant amount of alkaloids in 
Dendrobates captivus (Figure 3.2) and assigned it level 3 after comparison with 
D. sylvaticus (+ control). Alkaloid diversity was determined by the otal number 
of alkaloid classes found in at least one individual of the species sampled (Daly et 
al. 1999; Daly et al. 1987; Saporito et al. 2007).  
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Dietary Specialization 
We determined the importance of dietary specialization on the aposematic 
interaction and physiology by measuring three variables: the percentage of ants 
and mites, the mean number of prey per individual, and niche breadth (Table 3.5). 
Dietary profiles, including percentage of ant and mites items and mean number of 
prey per individual, were compiled from gastrointestinal content surveys of 
poison frogs (Bonilla and La Marca 1996; Caldwell 1996; Darst et al. 2005; 
Silverstone 1975; Toft 1977; Toft 1980; Toft 1981; Valderrama-Vernaza et al. 
2009). Niche breadth was estimated from raw diet data using the inverse 
Simpson’s index (1949) formula (Pianka 1986; Simpson 1949) for eight dietary 
categories (i.e., ant and mites, coleopterans, orthopterans, collembolans, dipterans, 
isopterans, spiders, and larvae) which correspond to >85% of all described prey 
items of poison frogs (Bonilla and La Marca 1996; Caldwell 1996; Darst et al. 
2005; Silverstone 1975; Toft 1977; Toft 1980; Toft 1981; Valderrama-Vernaza et 
al. 2009). Niche breath provides a complementary estimate of diet specialization 
by providing a continuous value from 0 (specialist in a single prey category) to 1 
(all prey categories are equally included in the diet). For the binary discrete and 
regression analyses, we assigned to the specialist category if the species has diet > 
70% of ants and mites and < 0.15 niche breadth values.  
Phylogenetic Reconstruction 
For the anuran metanalysis, we inferred a phylogeny of the anurans (PA) 
from 121 species of frogs (33 families) and 9 outgroups: 3 non-amphibians 
(lungfish, human, and chicken), 3 species of salamanders (3 families), 3 species of 
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caecilians (3 families) phylogeny (Figure 3.3 and Table 3.3). The mol cular data 
included were the widely available mitochondrial rRNA genes (12S and 16S 
sequences; ~2400 bp). The molecular phylogeny of the poison frogs (PPF) was 
inferred from 54 species and 6 outgroups (Figure 3.1 and Table 3.1). We used six 
mitochondrial segments (12S and 16S rRNA genes; Val, Leu, and Met tRNA
genes; ND2 and Cytb protein coding genes; total ~4.5 kb) and seven nuclear 
protein-coding genes BDNF, BMP2, NACA, NT3, POMC, TYR, ZEB2 (total 
~5.0 kb). GenBank accession numbers and specimen information are given in 
Santos et al. (unpublished). Protocols of DNA extraction, PCR purification, and 
sequencing are provided in previous studies (Bossuyt et al. 2006; Darst and 
Cannatella 2004; Santos et al. 2003). All sequences amplified or retrieved from 
GenBank were validated by comparison to other anuran sequences using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/). By this procedure, we were also able to 
identify and exclude contaminated or mislabeled submissions. 
Contigs were assembled using Sequencher 4.7 (GeneCodes 2006), aligned 
using ClustalX 1.81 (Thompson et al. 1997) and manually adjusted to minimize 
informative sites using MacClade 4.08 (Maddison and Maddison 2001). The 
phylogeny of anurans (PA) was inferred from 1962 unambiguously aligned 
characters from the unpartitioned mitochondrial sequence matrix. The phylogeny 
of the poison frogs (PPF) was inferred from 8517 unambiguously aligned 
characters using unpartitioned and partitioned by gene sequence matrices. For 
both PA and PPF, we used a GTR+Γ+I model of nucleotide substitution model as 
determined by ModelTest 3.7 (Posada and Buckley 2004; Posada and Crandall 
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1998). PA and PPF were analyzed with maximum likelihood (ML) methods under
a genetic algorithm in GARLI 0.960 (Zwickl 2006) and under a sequential and 
parallel ML-based inference in RAxML 7.0.4 (Stamatakis 2006). For the GARLI 
and RAxML analyses, a total of 50 independent runs were used to infer the best 
tree and 500 nonparametric bootstrap searches were used to estimate upport for 
the nodes. Both programs gave similar topologies and we used the best trees (PA 
and PPF) inferred by the RAxML method for all comparative analyses. The PPF 
phylogeny used for the comparative analyses does not differ significantly from 
previous studies (Grant et al. 2006; Santos et al. 2003; Santos et al. 2009). 
Statistical Methods 
We used both continuous measurements and binary discrete categories of 
all variables. Data distributions of the continuous measurements were normalized 
using transformations such as log (allometric: body mass, AMR, RMR, and 
Scope), arcsine/square root (percentage: ants and mites % in diet), or power Box-
Cox method (alkaloid concentration, diversity) to meet statistical assumptions 
(Felsenstein 1985; Garland 1992). Discrete binary scores were assigned for 
conspicuousness (0, cryptic; 1, brightly colored), alkaloid sequestration (0, 
unable; 1, able), diet specialization (0, generalist; 1, ant & mite specialist), Scope 
(0, negative residuals from regression against body size; 1, otherwise), and RMR 
(0, negative residuals from regression against body size; 1, otherwise).  
We used three sets of comparative methods to determine the evolutionary 
associations between alkaloid profiles, conspicuousness, dietary specialization, 
metabolic parameters, phylogeny, and body mass. First, we used regression 
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analyses to determine the relationship between body size and metabolic 
parameters (AMR, RMR, and Scope). This method was also applied for the 
metanalysis of Anura. Second, we used bivariate scores for alkaloid sequestration, 
conspicuousness, dietary, RMR, and Scope to test for correlated evolution among 
pairs of traits using ML models (Pagel 1997). Third, we analyzed the egree to 
which continuous pair of traits in poison frogs covary with phylogeny using 
Generalized Least Squares (GLS) (Pagel 1997) and independent contrasts 
(Felsenstein 1985). Fourth, a novel multivariate approach that estimates the best 
path diagram of relationships among the continuous variables measured in poiso  
frogs.  
For the first method, we included conventional least squares regression  
(CLSR) and phylogenetic independent regression analysis based on independent 
contrasts (PIC) (Felsenstein 1985). For the CLSR, we used a general li ar model 
to fit the relationships of AMR, RMR, Scope, and body mass. We used the 
standard linear model: log (AMR, RMR, or Scope) = a (allometric coefficient) + b 
(allometric exponent) x log Mass for allometric relationships (Schmidt-Nielsen 
1984). In a complementary analysis, we included the categorical binary traits as 
dummy variables (0, 1) to test for the significance of conspicuousness, alkaloid 
sequestration, and diet specialization. We used the following linear model for 
allometric and categorical variables: log (AMR, RMR, or Scope) = a (allometric 
coefficient) + [b binary x categorical variable] + b (allometric exponent) x log 
Mass (Wiersma et al. 2007).  
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For the PIC analyses, we used the phylogeny of anurans (PA) and poison 
frogs (PPF); their branch lengths were log-transformed to standardize the 
contrasts (Garland Jr. et al. 1993; Garland et al. 1992). The PICs were calculated 
using PDAP:PTREE (Midford et al. 2005) module of Mesquite ver 2.9 (Maddison 
and Maddison 2009). The regression analyses based on PIC were fit through the 
origin (Garland et al. 1992) and significance of the regression coefficients were 
determined. Finally, we explored the effect of outlier contrasts or grade shifts on 
RMR, AMR, and Scope PIC allometric analyses (Felsenstein 1985; Harvey nd 
Pagel 1991). For this purpose, we compared the estimates of regression 
coefficients (i.e., allomatric coefficient and exponent) and regression equation 
with and without the grade shift contrasts (Nunn and A. 2000). All CLSR and the 
regression based on PIC calculations were carried on using SPSS ver 16.0 (SPSS 
2008) and the significance level of alpha was set to 0.05. 
For the second method, we tested for correlated evolution among pairs of 
binary discrete traits using ML models (Pagel 1997) implemented in the 
BayesDiscrete module of BayesTraits ver 1.0 (Pagel and Meade 2006; Pagel and 
Meade 2007; Pagel et al. 2004). We ran 100 optimization attempts to find the best 
likelihood (i.e., mltries 100) for both the correlated and independent evolution 
model for each pair of traits. We compared both models using likelihood ratio 
(LRT) statistic of the likelihood difference of both models to approximate its 
significance (Pagel and Meade 2007). Additionally, estimates of the ancestral 
states at nodes were derived using the likelihood reconstruction module in 
Mesquite ver 2.9 (Maddison and Maddison 2009) and the ML approach in 
 80 
BayesMultistate module of BayesTraits ver 1.0 (Pagel and Meade 2006; Pagel 
and Meade 2007; Pagel et al. 2004).  For the reconstruction in Mesquite, we used 
the “mk1 model” (Lewis 2001) and the likelihoods of alternative states w re 
reported as raw likelihoods. For the BayesMultistate, we calculated the proportion 
of likelihood of both alternative character states at each node with 5,000 samples 
under default parameters (Pagel and Meade 2006). Similar results were found in 
both analyses and only the Mesquite results are reported.  
For the third method, we used continuous measurements of all traits with 
the exception alkaloid diversity and niche breadth. These variables wer  excluded 
due to collinearity with variables alkaloid concentration and percentage of ants 
and mites. First, we analyzed the degree to which pairs of continuous traits in 
poison frogs covary with phylogeny using Generalized Least Squares (GLS) 
(Pagel 1997) implemented in BayesContinuous module of BayesTraits ver 1.0 
(Pagel and Meade 2006; Pagel and Meade 2007; Pagel et al. 2004). The GLS 
analysis was used to determine the evolutionary regression coefficient “λ” (Pagel 
1993), which incorporates information about phylogenetic history. Therefor, the 
λ parameter varies from 0, if the trait evolution is completely independent of the 
phylogeny, to 1, if the trait covaries completely with the phylogeny (i.e., follows a 
Brownian motion process). We tested the estimated λ of each trait against a null 
hypothesis of phylogenetic independence (i.e., λ = 0) using a likelihood ratio test 
(LRT). We calculated the correlation coefficient among traits ccounting for the 
phylogenetic inertia by estimating at the same time the λ parameter. We also 
tested the correlation coefficient among traits against the null hypothesis of 
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independence (i.e., r = 0) using a likelihood ratio test  (LTR). We cross-validated 
our results by estimating phylogenetically independent contrasts nd their 
correlation coefficients among traits using PDAP:PTREE (Midford et al. 2005) 
module of Mesquite ver 2.9 (Maddison and Maddison 2009).  
For the fourth method, we used a multivariate approach based on variance-
covariance matrix of the continuous traits inferred from the independent contrasts. 
The continuous variables (indicator variables) included were body size, RMR, 
conspicuousness, alkaloid concentration, alkaloid diversity, ant and mites 
percentage on diet, and mean number of prey per individual (log-prey). AMR and 
niche breadth were excluded due to collinearity with Scope and ant and mite 
percentage on diet, respectively. The set of species used (n = 20, see Tabl  3.1) 
are those with measurements from all variables. First, we determined if the 
assumptions of multivariate normality and linearity were met by the indicator 
variables by analyzing their distribution using SPSS ver 16.0 (SPSS 2008). 
Second, we calculated the variance and covariance matrix from the correlation 
matrix from the independent contrasts computed though the origin (Garland et al. 
1992) and their standard deviations. Third, we performed an initial phylogenetic 
principal component analysis (PPCA) and phylogenetic principal axis f ctoring 
(PPFA) with Varimax orthogonal rotation. We found that two components tha 
explained 77.9% of the variance (Table 3.6): (1) scale variables (58.8% of 
variance): body mass, AMR, and RMR; and (2) alkaloid sequestration variables 
(19.0% of variance): alkaloid profile (concentration and diversity), and ant and 
mite % in diet. Conspicuousness and log-prey cross-loaded in both without a clear 
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affiliation to either component. Fourth, we performed a variable relationships 
two-factor confirmatory factor analysis with model respecification using a 
Lagrange Multiplier test (Ullman 2007) in MPlus ver 5.1 (Muthén and Muthén 
2008). We inferred alternative models for the poison frogs that include two types 
of variables: (1) latent variables, which are not directly observed or measurable 
but are rather inferred (e.g., scale and aposematism), and (2) indicator variables, 
which are observable and directly measurable (e.g., body mass, metabolic rates, 
color conspicuousness, alkaloid concentration). Seven models (Figure 3.6) were 
tested for different alternative associations between the latent (scale and 
aposematism) and the indicator variables (alkaloid profiles, body mass, 
conspicuousness, dietary profiles and metabolic rates). All models were fitt d to 
the observed variance-covariance matrix and the models were rank d based on a 
chi-squared test, and three measurements of model fit: Bentler’s Comparative Fit 
Index (CFI), Rucker-Lewis Index (TLI), and Standardized Root Mean-Square 
Residual (SRMR) (Brown 2006; Grace 2006).  We used joint criteria to retain a 
model based on fit scores for CFI ≥ 0.96, TLI ≥ 0.96, and SRMR ≤ 0.10 and a 
non-significant chi-square goodness of fit test (Hu and Bentler 1999). Finally, we 
compared among the retained models for the most parsimonious answer baed on 
a LTR approach derived by the difference between the chi-square valu s and the 




Metabolic Parameters of Anurans and Poison Frogs 
The metanalysis of physiological parameters among anurans (includi g 56 
species measured at 20°C and 61 species measured at 25°C) showed a signific nt 
variability across the group (Figure 3.1 and Table 3.7). The conventional least 
squares regression (CLSR) and phylogenetic independent contrast (PIC) analyses 
showed a significant difference in the unit-mass intercepts (log a allometric 
coefficient) and allometric exponent (b) for the RMR versus AMR or Scope at 
both temperatures (Table 3.7). For anurans, the oxygen consumed per unit-mass 
(allometric coefficient) and the rate of oxygen consumption (allometric xponent) 
increase at higher temperatures (i.e., between 20°C to 25°C) and levels of activity 
(i.e., AMR versus RMR). We found that the allometric exponent of the AMR and 
Scope departed from the expected ~0.75. This result might reflect differences in 
the rate of oxygen consumption at different temperatures (Gatten et al. 1992). 
Alternatively, the quality of the data reported for anurans could be heterogeneous, 
which is reflected in the combined metanalysis approach (Borenstein et al. 2009). 
We measured the RMR, AMR, and Scope of 474 individuals of 55 species 
of poison frogs (Figure 3.4 and Table 3.2). The conventional least squares 
regression (CLSR) determined a different in the unit-mass intercepts (log a 
constant) for the RMR versus AMR or Scope. For the RMR, this coeffi ient was 
0.169 mlO2/h, while for AMR was 1.148 mlO2/h and for Scope was 0.964 
mlO2/h. For the allometric exponent, CLSR determined similar for RMR, AMR, 
and Scope and 0.782 scaled to mass at 25±0.5°C. For poison frogs, the oxygen 
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consumed per unit-mass (allometric coefficient) increases and the ra e of oxygen 
consumption (allometric exponent) is constant regardless of the level of activity 
(i.e., AMR versus RMR). The allometric exponent of the poison frogs is similar to 
other groups of vertebrates (White et al. 2006) and near the expected value of 
~0.75 for other metabolic quarter-power allometric relationships (Brown et al. 
2000; West et al. 1997). 
The poison frog PIC analyses showed a similar trend for the RMR, AR, 
and Scope regressions. However, the allometric exponents of AMR and Scope 
were slightly higher, but within the 95% CI of the CLSR estimates. The RMR of 
the poison frogs (allometric coefficient and exponent) overlaps with that of the 
anuran dataset at 25°C, but AMR and Scope differ in their allometric exponent 
from that of the anuran dataset at 25°C. Additionally, we found evidence that 
outlier contrasts (grade shifts) have occurred; they correspond to three origins of 
alkaloid sequestration (Ameerega clade, Epipedobates clade, and Hyloxalus 
azureiventris) and two significant body-size shifts between sister clades or species 
(Ameerega trivittata-Ameerega parvula clade, Dendrobates sylvaticus-D. 
pumulio) (Figure 3.5). After we removed the grade-shift contrasts nd re-
estimated the regression parameters and the allometric exponent was not 
significantly different from the estimated using CLSR (Figure 3.5 and Table 3.7). 
Therefore, poison frogs are similar to other anurans in their RMR, but differ in 
their AMR and Scope for anurans of similar size.  
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Scale, Metabolism, Aposematism, and Diet in Poison Frogs 
Our regression analyses that incorporated dummy variables for 
conspicuousness, alkaloid sequestration, and diet specialization provided some 
insights about metabolic rates in poison frogs (Table 3.8 and Table 3.9). We 
found no significant effect of alkaloid sequestration, conspicuous coloratin, or 
ant and mite diet specialization on the CLSR and PIC regression analyses of RMR 
(Table 3.8). Our results suggest that poison frogs share a similar nimal 
energetic cost of maintenance measured at rest regardless of being brightly 
colored, able to sequester alkaloids, or diet specialists. We found a significant 
effect of the ability to sequester alkaloids when included as a fixed effect in the 
allometric relationship of AMR, Scope, and body mass (Table 3.8). Frogs that 
were classified as brightly colored have also a significant increase in their AMR 
and Scope under the CLSR, but after removing the effect of phylogen (PIC 
analyses) the effect was not significant (Table 3.8). The effect of diet 
specialization on ant and mites was found not to be significant from AMR, Scope, 
and body mass relationships (Table 3.8). Therefore, only the ability to sequester 
alkaloids was supported to have a significant increase in the aerobic metabolic 
capacity (i.e., ~37.4% for AMR and ~44.5% for Scope). Conspicuousness showed 
lack a significant effect on AMR and Scope, but only after accounting the 
phylogenetic inertia. We failed to find an effect of diet specialization on the 
allometric relationships between body mass and AMR and Scope. However, we 
found that the condition of homogeneity of slopes (i.e., assuming common slope) 
held was not held by diet specialization regressions (Table 3.9). More dietary 
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profiles are necessary to validate our results in terms of the effect of diet 
specialization on the allometric relationships. 
Our analysis of the factorial aerobic scope (AMR/RMR) partially 
supported the results from the CLSR and PIC regression analyses. For 
conspicuousness, we found that the factorial aerobic scope of conspicuous (mean:
8.29 ± 0.57, n = 28) and cryptic species (mean 6.33 ± 0.55, n = 26) were 
significantly different (t = -2.448, P = 0.018). For alkaloid sequestration, we 
found that species that sequester alkaloids (mean: 8.50 ± 0.59, n = 22) and those 
that are unable (mean: 6.86 ± 0.73, n = 18) did not differ significantly (t = -1.761, 
P = 0.086). For diet specialization on ants and mites, the factorial scope from the 
specialists (mean: 7.95 ± 0.86, n = 11) and generalists (mean: 7.66 ± 0.98, n = 12) 
did not differ significantly (t = -0.223, P = 0.826). Therefore, the factorial scope 
supports an increase in oxygen consumption on brightly colored frogs regardless 
if they are able to sequester alkaloids or diet specialists. 
For the pairwise correlation analyses of binary variables, we found 
significant pair associations (P < 0.001) between conspicuousness, alkaloid 
sequestration, and diet specialization (Table 3.10). Scope (mass corrected) was 
significantly associated with conspicuousness (P < 0.001), diet specialization (P < 
0.01), and AMR (P < 0.001); but it was marginally non-significantly (P ~ 0.05) 
associated with alkaloid sequestration. No significant (P > 0.05) correlation was 
found between conspicuousness, alkaloid sequestration, or diet specialization with 
AMR (mass corrected) or RMR (mass corrected). AMR (mass corrected) and 
RMR (mass corrected) were not correlated (P > 0.05). Our reslts corroborated 
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the close correlation between alkaloid sequestration and conspicuousness (i.e., 
aposematism) in poison frogs (Santos et al. 2003; Summers and Clough 2001). 
The significant correlation between diet specialization and alkaloid sequestration 
supports the hypothesis of the dietary origin of poison frogs alkaloids (Daly et al. 
1994; Saporito et al. 2009). The significant associations between Scope (mass 
corrected) with conspicuousness and diet specialization suggests a possible 
metabolic adaptation to the evolution of aposematism in poison frogs. However, 
the marginally non-significant association of Scope (mass corre ted) and alkaloid 
sequestration suggests that higher aerobic capacity has a tendency to be ass ciated 
with alkaloid sequestration. The non-significant association between AMR (mass 
corrected) and RMR (mass corrected) suggests that metabolic cost of resting and 
activity are decoupled and non-linear across poison frogs. 
We found six origins of conspicuous coloration, four origins of alkaloid 
sequestration, and three origins of ant and mite specialization (Figure 3.5). Two of 
the origins of conspicuous coloration were not associated with alkaloid 
sequestration: Allobates zaparo, a Batesian mimic of Ameerega bilinguis and A. 
parvula (Darst and Cummings 2006), and Hyloxalus nexipus, brightly colored 
riparian frog. Four events represented a simultaneous origin of conspicuous 
coloration and alkaloid sequestration (i.e., aposematism): (1) 
Dendrobates+Phyllobates clade, (2) Hyloxalus azureiventris, (3) Epipedobates 
clade, and (4) Ameerega clade. Three of the origins of aposematim were 
associated with a simultaneous origin of diet specialization: (1) 
Dendrobates+Phyllobates clade, (2) Epipedobates clade, and (3) Ameerega clade. 
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However, the diet profile of the fourth origin of aposematism (i.e., H. 
azureiventris) is unknown as is its natural history and ecology (Lötters et al. 
2000). High metabolic scope was found to originate several times: (1) in 
Allobates zaparo, (2) in Dendrobates+Phyllobates clade, (3) in Hyloxalus 
bocagei-H. sauli, (4) H. azureiventris, (5) H. toachi, (6) Silverstoneia-
Epipedobates clade, and (7) Colostethus sensu lato-Ameerega clade. High 
metabolic scope originated simultaneously with two origins 
(Dendrobates+Phyllobates, and H. azureiventris) and preceded two origins 
(Epipedobates and Ameerega clades).  
For the continuous trait correlation analyses, we found that all variables 
are not independent of the phylogeny (λ > 0), which supports the simultaneous 
estimation of this parameter and bivariate correlation coefficients (Table 3.11). 
We found significant pairwise associations (P < 0.01) between conspicuousness 
with alkaloid profiles (amount and diversity), diet specialization (ant and mites % 
in diet), prey number per individual (log-prey), body mass (log-weight), and 
active metabolic parameters (log-AMR, and log-Scope). Conspicuousness was not 
associated (P > 0.05) with resting metabolic rate (log-RMR). Alkaloid amount 
was significantly (P < 0.01) associated with alkaloid diversity, diet specialization, 
prey number per individual, body mass, and all metabolic parameters (log-RMR, 
log-AMR, and log-Scope). Alkaloid diversity was significantly (P< 0.01) 
correlated with diet specialization; but it was not associated (P > 0.05) with body 
mass or the metabolic parameters. Diet specialization was significantly (P < 0.05) 
associated with prey number per individual (log-prey), but it was not associated 
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(P > 0.05) with body mass or the metabolic parameters. Prey number (log-prey) 
was significantly (P < 0.05) associated with body mass, and resting metabolism 
(log-RMR). Prey number was not associated (P > 0.05) with active metabolic 
parameters (log-AMR and log-Scope). Body mass was significatly ssociated (P 
< 0.001) with all metabolic parameters. Pairwise correlation analyses were 
significant (P < 0.001) between active (log-AMR and log-Scope) and resting (log-
RMR) metabolic parameters. Our results suggest an interdependency of the 
aposematic variables (conspicuousness and alkaloid profiles), and diet profles 
(ant and mite specialization, and prey number). Scale parameters such a  body 
mass and the metabolic parameters show a strong interdependency. Surprisingly, 
scale parameters (body mass and metabolic parameters) are associated with 
aposematism variables (conspicuousness and alkaloid amount), but scale does not 
covary with alkaloid diversity or diet specialization. 
Our multivariate analysis resulted in seven possible models (Figure 3.6) of 
the relationships among latent variables (i.e., scale and aposematim) nd their 
indicator variables (conspicuousness, alkaloid profiles, diet specializat on, body 
mass, and metabolic parameters). The best model (Figure 3.7) is supported by (1) 
its failure to reject the null (H0: observed data covariance matrix) with a χ2 = 
16.242, (df = 18, p = 0.576); (2) fit indices: CFI = 1.000 (good fit if > 0.9), TLI = 
1.022 (good fit if > 0.9), RMSEA < 0.001 (good model fit if < 0.05), and SRMR 
= 0.096 (good fit if < 0.08); and (3) its significantly low χ2 score against the 
alternative models (i.e., the next lowest score model was rejected with ∆χ2 = 
5.607, ∆df = 1 and p = 0.018) (Figure 3.8).  
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The best model has a good fit to the observed data and most likely 
explains the relationships among observed and latent variables in poison frogs 
(Figure 3.7). The latent variable scale was significantly predict  (i.e., all 
regression coefficients > 0.40 and each with p < 0.05) by the indicator v riables: 
body mass, RMR, Scope, and conspicuousness. The latent variable aposematism 
was significantly predicted (i.e., all regression coefficients > 0.45 and each with p 
< 0.05) by the indicator variables: alkaloid amount, alkaloid diversity, diet 
specialization in ants and mites, number of prey items per individual, and 
conspicuousness. Conspicuousness was the only variable that predicted 
simultaneously both scale and aposematism as latent variables. Scale and 
aposematism latent variables have a significant (p < 0.05) positive corr lation of 
0.514, supporting their dependency.  
 
DISCUSSION 
Comparison between Metabolic Rates of Anurans and Poison Frogs 
Our metabolic characterizations for anurans and poison frogs for resting 
metabolic rate are in agreement with other ectotherms (Glazier 2005; White et al. 
2006).  Resting metabolic rate (RMR) and body mass was shown to be 
proportional and the allometric exponent ~0.77 for both anurans and poison frogs. 
Our results are in concordance with the metabolic allometry relationship 
(metabolic rate  Mass0.75) found in other groups across the Tree of Life 
(Hemmingsen 1960). For anurans, our estimates of the allometric expon nt using 
CLSR were ~0.78 (20°C) and ~0.76 (25°C). Previous reports have shown 
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allometric coefficient were similar, but the exponent estimates w re higher ~0.88 
(20°C) (White et al. 2006), ~0.82 (20°C) and ~0.84 (25°C) (Gatten et al. 1992). 
The discrepancies between our estimated allometric exponent in anurans and 
those published may be related to the variability and quality of the data included 
in the metanalyses. However, our analyses suggest that the poison frog clade 
follows the 0.75-power law of metabolic allometric relationships as in most other 
organisms (West et al. 1997).   
AMR and Scope between anurans and poison frogs were similar in their 
intercept, but different in their allometric exponent. Poison frogs have an 
allometric exponent of ~0.78, similar to the expected 0.75-power law of the 
metabolic allometric relationships (West et al. 1997). Anurans have an allometric 
exponent of ~1.00 (20°C and 25°C) for AMR and Scope. Therefore, our results 
suggest that, for anurans, as body mass increases the rate of oxygen increases 
faster than the constant increase expected in poison frogs. At leas three 
alternative hypotheses might explain this discrepancy between anurans and poison 
frogs. First, poison frogs are relatively small frogs with body mass < 10 g 
compared to the significant variability across the anurans (0.1-500 g), and mass 
scale of anurans > 3 orders of magnitude has a significant impact on the AMR and 
aerobic scope. Second, anurans as a group are more diverse in aerobic mta olic 
pathways due to their life histories (e.g., aquatic, terrestrial, seasonal), 
reproductive strategies, long evolutionary history, and some heterogen ity of 
underlying power laws of metabolic rates (Wells 2007; White et al. 2006). 
Alternatively, poison frogs as a clade have comparable life historie  (terrestrial 
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and diurnal), recent shared ancestry, and a common underlying 0.75-power 
allometric exponent. Third, the quality of the data used in the metanalysis of 
anurans is heterogeneous and some of the methodologies (e.g., manual/motor 
rotation, type of oxygen analyzer, animal body size correction) might not be truly 
comparable. By comparison, our experimental design and measurement 
equipment was the same for all the species analyzed.  
Complex Phenotypes in Poison Frogs 
Phenotypic integration can only be studied at the organismal level 
(Pigliucci and Preston 2004). Most phenotypic traits share some common 
evolutionary history as a direct effect of selection or byproduct of selection on 
other traits (Schlichting 2004). However, few biological systems are studied at 
multiple levels and phenotypic integration is rarely evidenced. By focusing on 
different aspects of the poison frog phenotypic diversity, we have attempted to 
reveal some aspects of the phenotypic integration, its ecological implications, and 
the evolutionary trends within this lineage of tropical amphibians.  
Our goal was to identify different levels of integration using a multilevel 
approach to understand the evolution of conspicuousness, alkaloid sequestration 
ability (amount and diversity), dietary profiles (specialization on ants and mites), 
scale (body mass), and metabolic characterization (RMR, AMR, and Scope). 
First, we found support for aposematism in poison frogs as the association 
between brightly coloration, alkaloid sequestration, and diet specialization 
(Caldwell 1996; Daly et al. 1994; Darst et al. 2005; Santos et al. 2003; Summers 
and Clough 2001). Second, we also found that scale (body mass and active 
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metabolic parameters) is also associated with aposematism. However, resting 
metabolic rates is not associated with aposematism. 
We found that most poison frogs have a similar energetic expense while 
resting after removing the effects of body mass. Similar RMRs across clade 
suggest that there might not be a significant metabolic cost of accumulation and 
resistance to xenobiotic alkaloids. Taigen and Pough (1983) (Taigen and Pough 
1983b) showed a significant increase in the RMR for Dendrobates auratus (ant 
specialist and alkaloid sequestering specie), but their results might derive from 
their low sample size (one species). However, small or no metabolic cost of 
accumulation toxins has been document in some endotherm herbivores (Ianson 
and Murray 1996), mice (Bozinovic and Novoa 1997), and arthropods (Evans and 
Schmidt 1990).  
Active metabolic parameters (AMR and Scope) were significantly 
associated with aposematism in poison frogs. Therefore, species that are 
conspicuously colored, able to sequester alkaloids, and diet specialists might have 
a higher aerobic capacity to generate energy for muscular activity. Taigen and 
Pough (1983) (Taigen and Pough 1983b) showed a similar result for Dendrobates 
auratus, but their limited sample size needed further confirmation. Our results for 
the factorial aerobic scope (AMR/RMR) only supported that brightly colored 
frogs have a significantly higher aerobic capacity. More data is necessary to 
determine if the association between factorial aerobic scope and other 
aposematism related variables (e.g., alkaloid profiles, and diet specialization). 
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The inclusion of binary categorical variables for conspicuousness, alkaloid 
sequestration, and diet specialization improved the fit and characteriz tion of the 
metabolic allometric equations in poison frogs. The relationship between RMR 
and mass was not significantly affected after the inclusion of the conspicuousness, 
alkaloid sequestration, or diet specialization as fixed effects (all CLSR and PIC 
models: P > 0.05). Our results further confirm that most poison frogs do not differ 
in their RMR regardless if aposematic or not. In contrast, we found significant 
results for the AMR and Scope relationships allometric equations. The inclusion 
of alkaloid sequestration as fixed effect supported that frogs that were able to 
sequester alkaloids have a significant higher AMR and Scope than frogs that were 
unable (CLSR model: P < 0.001, and PIC model: P < 0.05). The increase in the 
expected aerobic capacity for the species that are able to sequester alkaloids by 
comparison of the allometric coefficient between species was ~37.4% (AMR) and 
~44.5% (Scope) (Table 3.8). PIC analyses further validated the metabolic 
importance of the origin of alkaloid sequestration in Ameerega, Epipedobates, and 
Hyloxalus azureiventris. The origins of these lineages were consistent to grade 
shift events as an increases in the allometric coefficient without net change in 
allometric exponent for AMR and scope relationships (Figure 3.5). The absence 
of grade-shift at the node of Dendrobates+Phyllobates is puzzling and might be 
related to the overrepresentation of this clade in our analyses.  
The inclusion of conspicuousness and diet specialization as fixed effects in 
the CLSR or PIC models for allometric equations of AMR and Scope were 
convoluted. In the CLSR analysis, frogs that were brightly colored have a 
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significant higher AMR and Scope (CLSR model: P < 0.001). In the PIC model, 
the inclusion of conspicuousness was not significant (P > 0.05) suggesting that the 
origin of bright coloration is not necessarily associated with a significant increase 
in the aerobic capacity after removing phylogenetic effect. Bright coloration 
without an association with alkaloid sequestration was found to occur at least 
twice in the poison frogs: (1) the Batesian mimicry of Allobates zaparo (Darst and 
Cummings 2006; Darst et al. 2006), and (2) Hyloxalus nexipus. Natural history of 
H. nexipus is largely unknown and further confirmation is necessary about its 
inability to sequester alkaloids.  
Ants and mites are a significant component both in number, percentage, 
and volume of all prey items of poison frogs (Caldwell 1996; Darst et al. 2005). 
Additionally, the diet specialization of these prey items has been implicated as the 
xenobiotic source of the lipophilic alkaloids in defended poison frogs (Saporito et 
al. 2004; Saporito et al. 2009) (Darst et al. 2005; Takada et al. 2005).  Diet 
specialization as a fixed effect did not have a significant effect on the AMR and 
Scope allometric regressions. However, the test of equal slopes was rejected and 
suggested a possible interaction between diet and mass terms in the CLSR 
analyses. Alternatively, the PIC analyses also rejected a significant effect of diet 
and the test of independent slopes was not rejected. Therefore, we found that both 
small and large poison frogs can be ant and mite specialists and they do not differ 
significantly in their active aerobic capacity. More poison frog diet profiles are 
necessary to validate our results.  
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Body size in poison frogs has only been explored in the positive 
association with conspicuous coloration (Hagman and Forsman 2003). Our 
analyses suggest a more complex involvement of scale in poison frogs. First, body 
size was significantly positive association with all metabolic parameters. Second, 
body mass was positively correlated with conspicuous coloration, which supports 
that larger frogs usually are more brightly colored (Hagman and Forsman 2003). 
Our results also corroborate other empirical and theoretical evidence favoring the 
increase effectiveness of warning signals with larger body sizes (Exnerová et al. 
2003; Ruxton et al. 2004). Third, body mass was significantly associated wi h 
alkaloid amount, which supports that larger frogs usually have larger quantities of 
alkaloids. Our results are consistent with the evidence that most of the alkaloid 
diversity in poison frogs are of dietary origin (Daly et al. 1994), which 
accumulate in granular glands of their skins (Neuwirth et al. 1979) with apparent 
little or no biochemical modification (Daly et al. 2003; Saporito et al. 2003; 
Saporito et al. 2004). Moreover, our results supports that poison frogs act a 
effective alkaloid “capacitors” that concentrate xenobiotics from dietary sources. 
Therefore, large frogs act accumulate more alkaloids than smaller frogs. Fourth, 
body mass was not significantly associated with alkaloid diversity, which support 
multiple independent origins of the mechanisms of alkaloid sequestration. Fifth, 
body mass was not associated with dietary specialization, which supports that 
large to small poison frogs may be ants and mites specialists. Therefore, our 
analysis predicts that specialist large frogs might have to maximize their 
nutritional intake from specialist diet by ingesting a larger number prey. Some 
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evidence supports our prediction as specialist poison frogs are usually active 
predators with larger home ranges (Taigen and Pough 1983a), and readilyject 
available prey (e.g., orthopterans or coleopterans) (Toft 1977; Toft 1980; Toft 
1981). Therefore, the persistence of diet specialization as co-adaption for 
chemical defense sequestration is most likely maintained by aposemati m. We 
predict that diet specialization might dissolve if the selective advantage of 
aposematic interaction is lost. 
Multivariate approach to the evolution of complex traits 
Emergent phenotypes are derived from the plasticity, interactions, 
covariations, and constraints from underlying component traits (Pigliucci and 
Preston 2004). Poison frogs present a complex evolutionary history including 
repeated origins and dependent associations of scaling and aposematism related 
phenotypes. We found at least four correlated origins of bright colorati n, 
alkaloid sequestration, and diet specialization. In poison frogs, the maintenance of 
the aposematism is highly dependent on the effectiveness of warning sig al, the 
presence of defense (skin alkaloids), and regular supply of the dietary sou ce of 
such xenobiotics (Daly et al. 1994; Darst et al. 2006; Santos et al.2003). Our 
results suggest the addition of other factors to the establishment and effectiveness 
of the aposematism. The inclusion of larger body sizes, high aerobic capa ity, and 
selective predation has been co-opted as additional phenotypic traits contributing 
to the effectiveness of aposematism. 
Based on our results, we can propose a model for adaptive aposematic 
defense based on unambiguous warning signals (predator perspective conspicuous 
 98 
coloration), effective alkaloid accumulation (efficient alkaloid sequestration and 
accumulation), efficient prey selection (foraging adaptation for capture and 
digestion of alkaloid-rich prey), and dependent on body mass (scale) and effective 
energy allocation for muscular activity (high aerobic scope).  
Our model suggests direct and indirect effects between scaling nd 
aposematism variables in poison frogs. In the case of the direct eff s, we can 
consider the following prediction and inferences. First, we predict that selecion in 
body size (scale) will directly affect the metabolic variables (Scope and RMR) 
and body mass. Second, selection on conspicuousness will simultaneously affect 
scale and aposematism. For example, we can predict that brightly colored frogs 
will have a direct increment in the efficiency of their warning si nal as a 
byproduct of increasing their body size. Third, we predict the selction in 
aposematism will primary be derived from increase on the effectiveness of both 
chemical defense (alkaloids amount and diversity) and dietary specialization on 
alkaloid rich prey (ants and mites). 
In the case of the indirect effects, we can consider the following 
predictions. First, we can infer that scale will affect indirectly alkaloid content and 
diversity as byproduct of an increase in body size. Second, scale will indirectly 
affect the dietary specialization by increasing the volume of prey items necessary 
to couple with the energetic and nutritional requirements in larger f ogs. Third, 
alkaloid content (i.e., amount and diversity) will have indirect effect on increasing 
the metabolic rates due to the energetic cost of alkaloid sequetration, 
accumulation, and biochemical resistance.   
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Our data suggest an indirect metabolic cost of the chemical defense in 
poison frogs. Toxin resistance is usually achieved by directional selection on key 
protein sites that provide insensibility with suboptimal physiological efficiency 
(Daly et al. 1980; Wang and Wang 1998).  In the poison frogs, alkaloids toxicity 
has been targeted to neuron and muscular ion channels (e.g., Ca+, K+, and Na+) 
causing lethal or sub-lethal impairment (Daly 1998; Daly et al. 1999). We predict 
that multiple mechanism of alkaloid sequestration might be operating. Further 
analyses at the genomic and preteomic level will allow describe such pathways 
and their individual metabolic cost. 
Only analyses accounting for multiple variables simultaneously can reveal 
underlying patterns of evolution and evolutionary trends. In poison frogs, scale 
has a crucial effect in both metabolic and aposematic characteristi s, as larger 
body size a directly correlated with better warning signals (conspicuousness), 
larger amounts of alkaloids (chemical defense), and higher metabolic parameters. 
However, scale is not associated with diet specialization and alkaloid diversity, 
suggesting active predation (more prey items per individual) in specialists and 
multiple alkaloid sequestering mechanisms.  Our data suggest a metabolic cost of 
conspicuousness, and alkaloid sequestration and accumulation. More variables 
analyzed simultaneously provide a more fluid and complex phenotypic landscape 
of the evolutionary trends of poison frogs clade. Emergent properties in biological 
systems will become more apparent from multivariate approaches rather than 
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Table 3.2: Metabolic measurements and body mass (mean, standard error, and 




Table 3.3: Species of anurans and outgroups used for the phylogenetic 
inference and metanalysis of the metabolic parameters in Anura. 
Data include accession numbers, metabolic measurements, and 
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Table 3.4: Continuous and binary measurements of conspicuousness and 




Table 3.5: Dietary profiles of the sampled poison frogs including the number of 
individual reported, number prey per stomach (prey/individuals), 




Table 3.6: Factor loadings, communalities (h2), and percents of variance 
explained from phylogenetic principal component analysis and 
principal axis factoring with Varimax orthogonal rotation.  Bold 
indicates factor loadings > 0.330. 
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Table 3.7: Metabolic parameters estimates for the log-log scaling reationships 
of resting metabolic rate (RMR, mL O2/hour), active metabolic rate 
(AMR, mL O2/hour), aerobic scope (Scope, mL O2/hour) and body 
mass (Mass, g) of anurans and poison frogs. Linear allometric 
equations in the form log(RMR, AMR, Scope) = log a (coefficient) + 
b (exponent) * log Mass. PIC denotes relationship derived from 




Table 3.8: Coefficients from general linear model analyses of the metabolic 
variables and associated traits of poison frogs. Metabolic parameters 
estimates for the log-log scaling relationships of resting metabolic 
rate (RMR, mL O2/hour), active metabolic rate (AMR, mL 
O2/hour), aerobic scope (Scope, mL O2/hour), binary categorical 
variable (conspicuousness, lipophilic alkaloids, diet specialist), and 
body mass (Mass, g) of anurans and poison frogs. Linear allometric 
equations in the form log(RMR, AMR, Scope) = log a (coefficient) + 
[bbinary x categorical variable] + b (exponent) * log Mass. PIC 
denotes relationship derived from independent contrasts and n is 




Table 3.9: Metabolic parameters estimates for the log-log allometric 
relationships of poison frogs and results for the test of equal slopes. 
Regressions are grouped by the binary categories of 
conspicuousness, alkaloid sequestration, and diet specialization. The 
metabolic parameters included resting metabolic rate (RMR, mL 
O2/hour), active metabolic rate (AMR, mL O2/hour), aerobic scope 
(Scope, mL O2/hour) and body mass (Mass, g) of anurans and 
poison frogs. Linear allometric equations in the form log(RMR, 
AMR, Scope) = log a (coefficient) + b (exponent) * log Mass. PIC 
denotes relationship derived from independent contrasts and n is 




Table 3.10: Phylogenetic correlations based on the binary scoring of the 
ecological variables from metabolism (AMR, Metabolic Scope, and 
RMR-mass residuals), diet, conspicuousness, and skin alkaloids. 
 
Table 3.11: Evolutionary regression coefficient (λ) and phylogenetic correlations 
(r) based on the continuous measurements of the ecological variables 






Figure 3.1: Active metabolic rate (AMR) and resting metabolic rate (RMR) as a 
function of body mass (g) in anurans and poison frogs. In Anurans 
(A), measurements correspond to 20°C (diamonds) and 25°C 
(circles). In poison frogs (B), only measurements at 25±0. °C were 
obtained. Open diamonds or circles correspond to RMR and closed 
symbols correspond to AMR. The solid and dashed line is the result 






Figure 3.2: Thin layer chromatography (TLC) results of skin methanolic extracts 
of sampled poison frogs. We found alkaloids in skins of 
Dendrobates captivus. We fail to find skin alkaloids in Allobates 
kingsburyi, Colostethus fugax, Epipedobates machalilla, Hyloxalus 




Figure 3.3: Maximum likelihood phylogeny of amphibians from 121 species of 
frogs (33 families). Support values in the phylogeny correspond to 
the summary of 500 ML non-parametric bootstraps estimated with 
GARLI (left) and RAxML (right). An asterisk indicates a support 




Figure 3.4: Phylogeny, number of individuals measured for metabolic 
parameters, body mass, RMR, AMR, Scope, conspicuousness, 
percentage of ants and mites in diet, and skin alkaloid concentrations 
used in the comparative analysis. Support values in the phylogeny 
correspond to the summary of 500 ML non-parametric bootstraps 
estimated with GARLI (left) and RAxML (right), * represents 100 






Figure 3.5: Maximum likelihood reconstructions and CLSR regression analyses 
of high aerobic scope, conspicuousness, and alkaloid sequestration in 
poison frogs. Positive character states are indicated by black boxes at 
the tips of the phylogeny: metabolic scope (positive residual after 
mass correction), conspicuousness (bright coloration), alkaloid 
sequestration (able to sequester), and diet specialization (ant and 
mite specialist). Unknown states are indicated by dots. The traced 
reconstructions over the phylogeny correspond to the aerobic scope 
after mass correction and the fraction of relative likelihood 
probability of high aerobic capacity (black) or low aerobic capacity 
(white). Rounded boxes indicate four origins of tandem evolution of 
bright coloration, alkaloid sequestration, and diet specialization. Two 
origins of bright coloration were not associated alkaloid 
sequestration and diet specialization and the conspicuousness icon 
indicates them. Plots of the CLSR regression including the 
categorical variables of (A) conspicuousness, and (B) alkaloid 
sequestration for AMR (circles) and RMR (diamonds) and body 
mass. Results from the homogeneity of slopes and similar intercept 
(constant) are indicated in the black box (***, P <0.001; NS, P > 
0.05). Plot of the PIC regression analysis (C) of the metabolic scope 
and body mass independent contrasts. Lettered diamond boxes 
correspond to node contrasts before the origin of bright coloration, 







Figure 3.6: Plots of the CLSR regression including the categorical variables of 
diet specialization and niche breadth for AMR (circles) and RMR 
(diamonds) and body mass. Results from the homogeneity of slopes 
and similar intercept (constant) are indicated in the black box (***, P 




Figure 3.7: Multivariate model of relationships of scale and aposematism 
continuous traits in poison frogs using variance-covariance matrix 
derived from independent contrasts. Ellipses represent emergent 
(latent) variables measured by the observed (indicator) variables in 
squares. Lines connecting variables represent significant (p < 0.05) 
regression coefficients (single-headed arrows) and correlation 
(double-headed arrows). Scale (emergent variable) was predicted by 
four indicator variables: body mass (logMass), resting metabolic rate 
(logRMR), aerobic scope (logScope), and conspicuousness. 
Aposematism (emergent variable) was predicted by five indicator 
variables: conspicuousness, alkaloid amount, alkaloid diversity, ant 
and mites percentage in diet, and mean number of prey items per 
individual (logPrey). Variance of the emergent variables (circle) and 
the regression coefficients of the measurement error (E) and 
phylogenetic correction (tree) were set to 1, which allow the model 





Figure 3.8: Results of the tests of multivariate model of relationships of scale 
and aposematism continuous traits in poison frogs using variance-
covariance matrix derived from independent contrasts. Ellipses 
represent emergent (latent) variables measured by the observed 
(indicator) variables in squares. Lines connecting variables represent 
significant (p < 0.05) regression coefficients (single-headed arrows) 
and correlation (double-headed arrows). Diagrams include emergent 
variables: scale or aposematism. Indicator variables include: body 
mass (logMass), resting metabolic rate (logRMR), aerobic scope 
(logScope), and conspicuousness, alkaloid amount, alkaloid 
diversity, ant and mites percentage in diet, and mean number of prey 
items per individual (logPrey). Variance of the emergent variables 
(circle) and the regression coefficients of the measurement error (E) 
and phylogenetic correction (tree) were set to 1, which allow the 
model to be estimable (overidentified). Individual model fit indices 
and comparisons among models include X2 score, AIC (Akaike's 
information criterion), CFI (Comparative Fit Index), and TLI  
(Rucker-Lewis Index). Comparisons between nested models uses a 
LTR approach p-value approximation from the difference of X2 
score and degrees of freedom (df). 
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Chapter 4: Higher active metabolic rates and faster molecular 
evolution in poison frogs  
INTRODUCTION 
Molecular evolution is the result of the combined effect of mutation rate, 
genetic drift, and natural selection (Graur and Li 2000). Rates of substitution are 
variable across lineages and genomes (e.g., nuclear, mitochondrial, or chlor plast) 
(Bromham 2009; Nabholz et al. 2009). Rapid accumulation of nucleotide changes 
has been associated to life history, biochemical, and physiological attributes at 
both organismal and cellular levels (Bromham and Penny 2003; Gillooly et al.
2005; Martin and Palumbi 1993). For example, small body size, rapid generatio  
time, high basal or resting metabolic rate (BMR or RMR), and short lifespan have 
been associated with faster rates of molecular evolution (Welch et al. 2008). At 
the cellular level, proximity to the oxidative centers within the cell (e.g., inside 
mitochondria), error-prone mutation repair, or high DNA synthesis has also been 
associated with increased rate of nucleotide substitution (Galtier et al. 2009). 
Therefore, the variation on the molecular evolution might be multifactorial with 
variable contributions from life history, shared ancestry, and genomic properties 
of an organism. 
At least three main hypotheses have been proposed to explain the 
variability in rates of molecular evolution among lineages and genom s. The 
generation time hypothesis proposes that the rate of molecular substitution is 
associated with the process of DNA synthesis per unit time (Ohta 1993; Smith 
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and Donoghue 2008). This model implies that higher molecular rates are 
associated with shorter generation times, faster accumulation of replication errors, 
and they are affecting both nuclear and organelle genomes (Bromham et al. 1996). 
Some complications of this model include: (1) variability in the number of 
germline DNA replications per lineage; (2) the mitochondrial genome appears to 
evolve 2-3 orders magnitude faster than the nuclear; (3) different 
synonymous/nonsynonymous substitutions among loci and genomes; and (4) 
lineages with similar generation times have dissimilar substit tion rates 
(Bromham 2002; Martin 1999).  
The longevity hypothesis implies a negative correlation between mutation 
rate and life span derived from higher resistance to oxidative damages (Nabholz et 
al. 2008). The predictions of this model include a higher substitution rate in the 
mitochondrial versus nuclear genome, variability in the mutation rate be ween 
functional domains of mitochondrial genes, and lower substitution rate in long-
lived lineages (Galtier et al. 2009). However, the longevity model has some 
limitations including: (1) it applies mostly to the mitochondrial genome, but 
substitution rate variability of the nuclear loci is not explained; (2) the model has 
been applied only to endotherms; and (3) it assumes that selection for mechanisms 
to reduce oxidative damage is higher only in long-lived species.  
The metabolic rate hypothesis correlates the mutation rate with the cellular 
aerobic respiration byproducts, the reactive oxidative radicals (ROS) (Martin and 
Palumbi 1993). However, this hypothesis implies that higher basal metabolic rates 
are associated with increases in the rate of molecular substitutions (Gillooly et al. 
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2005; Martin et al. 1992). This model has been criticized for the following 
reasons: (1) the basal or resting metabolic rates (BMR or RMR) are inaccurate 
measurements of the energy generation by organisms; (2) the oxygen intake might 
not directly associated with the production oxidative radicals; (3) DNA damage at 
the cellular level might be caused by other factors such as replication errors;  (4) 
DNA repair efficiency is assumed to be similar across the Tree of Life; and (5) 
phylogenetic comparative analyses have rejected the associ tion of BMR with the 
rates of molecular evolution (Bromham 2009; Lanfear et al. 2007; Seddon et al. 
1998). Besides the shortcomings of all three hypotheses, the current view is that 
the variability of the substitution rate has multifactor causes that include oxidative 
damage from free radicals, inefficiency of DNA repair and replication, and the 
genome properties (e.g., organellar or nuclear).  
At the organismal level, the substitution rate is associated at ifferent 
degrees with scaling variables (metabolic rates, lifespan, ge eration, and body 
mass) (Bromham 2009). Metabolism is the energetic flux within an organism and 
based on the allocation of nutrients into growth, reproduction, and self-
maintenance (Karasov and Martinez del Rio 2007). Metabolic rates have been 
found to correlate with body size, temperature, and most life history traits (e.g., 
generation time and reproduction rate) (Brown et al. 2004; Brown et al. 2000). 
Respirometry is usually the methodology to estimate the metabolic rates by 
calculating the heat production accounted by oxygen uptake at different activity 
levels (Schmidt-Nielsen 1984). Oxygen free radicals are common byproducts of 
energy production by aerobic respiration (Williams 1996). These free radicals 
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have been associated with cellular damage; increase the number of nucleotide 
substitutions; and higher rate genomic repair (Cortopassi and Wang 1996; Perez-
Campo et al. 1998). Therefore, the association between metabolism and aerobic 
respiration allow to hypothesize that higher metabolic rates might be directly 
associated with increases the molecular substitution (Martin and Palumbi 1993). 
Most analyses of the metabolic rate hypothesis are based on endotherms 
(Bromham 2009; Nabholz et al. 2008), but its predictions have been extended to 
ectotherms (Bromham 2002; Martin 1999). Specifically, ectotherm organisms 
might have lower molecular substitution rates if their BMR is low and have larger 
body size (Glazier 2005). However, few comparative analyses have rejected the 
association between BMR and substitution rates in some groups (e.g., Chelonia, 
Arthropoda and Mollusca) (Lanfear et al. 2007). Here, we analyzed these 
relationships using a well-known ectotherm clade, the poison frogs 
(Dendrobatidae). Dendrobatids are widespread Neotropical amphibians (~270 
species) with diverse life history traits including parental care, posematism, and 
diet specialization (Santos et al. 2003; Santos et al. 2009; Summers 2000). We 
compiled information about active and resting aerobic metabolism, body mass, 
and rates of molecular evolution of 8 mitochondrial and 7 nuclear loci. We used 
phylogenetic comparative analyzes based on phylogenetic independent contrasts 
(Felsenstein 1985) and generalized least squares (GLS) (Martins and Hansen 
1997; Pagel 1997). These methods were used to estimate pairwise correlations 
between body mass and metabolic variables, with rates of molecular evolution. 
Additionally, we explored the relationship between nonsynonymous/synonymous 
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rates of the sampled loci and tested for the difference in metabolic parameters in 
poison frogs. Our results support the positive correlation of higher active 
metabolic parameters and faster rates of molecular evolution. We found no 
evidence of association with resting metabolic rate or body mass. Furthermore, 
we propose a modified metabolic hypothesis of molecular evolution for 
ectotherms based on active metabolic parameters. 
 
MATERIALS AND METHODS 
Metabolic Rates Data 
Physiological parameters and body mass of 474 individuals from 55 
species of poison frogs were compiled and results presented (Figure 4.1 and Table 
4.1−4.4). Capture, handling, and experimental procedures are explained in detail 
in Santos et al. (in prep.) and follow the guidelines of the animal care permit 
(IACUC 05111001). Body mass were weighted before and after the physiological 
measurements to the near 0.01 g. Physiological measurements included four 
variables: (1) resting metabolic rate (RMR, oxygen consumption while resting or 
VO2rest consumed/hour), (2) active metabolic rate after non-sustainable exercise 
(AMR, oxygen consumption after forced activity or VO2active consumed/hour), 
(3) Aerobic metabolic scope (Scope) calculated by the differenc between AMR 
and RMR (Gatten et al. 1992), and (4) factorial aerobic scope (AMR/R ) as an 
estimate of the factor by which oxygen consumption increases with forced 
physical activity (Gatten et al. 1992). All measurements included were taken from 
animals fasting, at 24.5-25.5 °C of temperature, during the day from 10h00-
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The molecular data included both mitochondrial and nuclear loci. Our 
mitochondrial data include six mitochondrial segments (total ~5.5 kb): 12S and 
16S rDNA genes; Valine, Leucine, and Methionine tRNA genes (tRNAs V-L-M); 
NADH subunit 1 (ND1); NADH subunit 2 (ND2); and Cytochrome b (CYTB). 
The nuclear data include seven protein-coding segments (total ~5.0 kb): brain-
derived neurotrophic factor (BDNF); bone morphogenetic protein 2 (BMP2); 
NCX1 sodium-calcium exchanger 1 (NACA); 3’-nucleotidase (NT3); 
proopiomelanocortin A (POMC); tyrosinase precursor (TYR); and zinc finger E-
box binding homeobox 2 (ZFX). All segments were amplified from totalgenomic 
DNA using a list of primers and conditions provided in Table 4.5. Protocols f 
DNA extraction, PCR purification, and sequencing are provided in previous 
studies (Bossuyt et al. 2006; Darst and Cannatella 2004; Santos et al. 2003). Each 
individual segment was assembled using Sequencher 4.7 (GeneCodes 2006), 
automatically aligned using ClustalX 1.81 (Thompson et al. 1997) and adjusted 
manually to minimize informative sites using MacClade 4.08 (Maddison and 
Maddison 2001). GenBank accession numbers and specimen information are 
given in Santos et al. (unpublished).  All sequences amplified were validated by 




 We performed three sets of phylogenetic analysis: (1) a backbone 
phylogeny inferred from the supermatrix of all genes combined with the 
exception of ND1 (we were unable to sequence Allobates juanii segment due to a 
translocation), (2) a set of individual phylogenies inferred from each gene and the 
combined tRNAs; and (3) a codon position phylogenies inferred from matrices 
with 1st, 2nd, or 3rd nucleotide positions from the nuclear and mitochondrial 
protein coding genes. The supermatrix phylogeny of the poison frogs (SPPF) was 
inferred from the supermatrix that included 8517 unambiguously aligned 
characters and partitioned by gene. We used a GTR+Γ+I model of nucleotide 
substitution model for SPPF estimation as suggested by ModelTest 3.7 (Posada 
and Buckley 2004; Posada and Crandall 1998). Phylogeny estimation was 
performed using a maximum likelihood (ML) approach under a genetic algorithm 
in GARLI 0.960 (Zwickl 2006) and under a sequential and parallel ML based 
inference in RAxML 7.0.4 (Stamatakis 2006). For the SPPF, a total of 50 
independent runs were used to infer the best tree and 500 nonparametric bootstrap 
searches were used to estimate support for the nodes. Both programs gave similar 
topologies and we considered the highest ML RAxML SPPF tree as our best 
estimate of the true phylogeny of the poison frogs. For the individual gene poison 
frog phylogenies (IGPFs) and codon position poison frog phylogenies (CPPFs), 
we used the more comprehensive GTR+Γ+I model of molecular evolution. We 
chose the GTR+Γ+I model to obtain a comparable substitution and rate matrix 
parameters for all IGPFs and CPPFs (Table 4.6). From each gene or cod n 
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position, we obtained the parameter estimates from the best score tree of the 50 
independent runs using a maximum likelihood (ML) approach in GARLI 0.960 
(Zwickl 2006). We estimated the branch lengths of each IGPFs and CPPFs using 
the SPPF topology and the specific segment substitution parameters as constraints 
in PAUP 4.0 (Swofford 2000). We also estimated a nonsynonymous (dN) and 
synonymous (dS) distances constrained over the SPPF phylogeny for the 
combined CYTB+ND2 (mitochondrial distances) and all nuclear genes (nuclear 
distances) using CODEML module of PAML 4.2b (Yang 2007). The branch 
length from the tips (individual species) to the root were determin d using 
TreeStat 1.2 (Rambaut and Drummond 2008) and used as measured of sequence 
divergence from the extant species to the last common ancestor of all poison frogs 
(Tables 4.7 and 4.8). 
 
Comparative Analyses 
Associations and covariances of pairwise comparisons among 
physiological measurements, body mass, and sequence divergence (tip-to-root 
distances) were evaluated using phylogenetic independent contrasts (PIC) 
(Felsenstein 1985) and generalized least squares (GLS) approach (Pagel 1997). 
First, we explored the life history data distributions and only body mass need to 
be log-transformed to meet with the statistical assumptions (Felsenstein 1985; 
Garland 1992). For the PIC and GLS analyses, we used the supermatrix 
phylogeny of poison frogs (SPPF) and we log-transform its branch lengths to 
standardize the contrasts (Garland Jr. et al. 1993; Garland et al. 1992)The PICs 
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were calculated in Mesquite 2.9 (Maddison and Maddison 2009) using 
PDAP:PTREE module (Midford et al. 2005). The regression analyses based on 
PIC were fit through the origin and the significance the regression coefficients 
was determined accordingly (Garland et al. 1992). No outliers were evid nced in 
the plots of the independent contrasts, which might have inflated the phylogenetic 
correlation coefficient (Harvey and Pagel 1991). For the GLS analyses, we 
estimated the pairwise trait covariation using BayesContinuous module of 
BayesTraits 1.0 (Pagel and Meade 2006; Pagel and Meade 2007; Pagel et l. 
2004). We also included the evolutionary regression coefficient “λ” (Pagel 1993), 
which provides a measure of phylogenetic covariance. Each trait λ value is 
continuous measure of covariation from 0 (i.e., independent) to 1 (i.e., dependent) 
with the phylogeny. We tested the estimated λ from the null hypothesis of 
phylogenetic independence (i.e., λ = 0) using a likelihood ration test (LTR). We 
calculate the phylogenetic correlation coefficient between sequenced (genes, 
codon positions, dN, and dS distances), body mass, and physiological traits by 
simultaneously estimating at the λ parameter (i.e., accounting for the phylogenetic 
inertia). Finally, we determined the significance of the phylogenetic correlation 
coefficient by testing against the null hypothesis of independence (i.e., r = 0) 
using a likelihood ration test (LTR). 
We estimates of the binary ancestral states for Scope at nodes wer  
derived using the likelihood reconstruction module in Mesquite 2.9 (Maddison 
and Maddison 2009) and the ML approach in BayesMultistate module of 
BayesTraits 1.0 (Pagel and Meade 2006; Pagel and Meade 2007; Pagel et l. 
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2004).  First, we log-transformed Scope and body mass to linearize their 
relationship. Second, we estimated a linear regression and saved the standardized 
residuals using SPSS 16.0 (SPSS 2008). Third, we assigned a binary category to 
all species based on high Scope (positive residuals) and low Scope (negative 
residuals).  Fourth, the reconstruction was done using the “mk1 model” (Lewis 
2001) in Mesquite and the likelihoods of alternative states were reported as raw 
likelihoods. For the BayesMultistate, we calculated the proportion of likelihood of 
both alternative character states at each node with 5,000 samples under default 
parameters (Pagel and Meade 2006). Similar results were found in both analyses 
and only the Mesquite results are reported.  
 
Test of Variable Nonsynonymous/Synonymous Rate Ratio 
We tested if nonsynonymous/synonymous rate ratio (ω = dN/dS) varied 
among branches of the poison frog phylogeny. We performed two test basd on 
the Scope classification of the poison frogs. First, we used the binary 
classification based on standardized residuals (i.e., high or low Scope) of the 
ancestral states reconstruction. Second, we identified Dendrobates+Phyllobates 
(Clade D) as the lineage that have >50% of all high aerobic scope species and 
likely undergoing adaptive radiation under high active metabolic rates. We 
performed a one and two ω ratio models to each of the protein coding segments 
using the branch models option in the CODEML module of PAML 4.2b (Yang 
2007). We tested two sets of comparisons: (1) one ω ratio for all poison frogs 
versus two ω ratios for high Scope (positive residuals) and low Scope species 
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(negative residuals); and (2) one ω ratio for all poison frogs versus two ω ratios 
for Clade D and the rest of the family (Clades A+B+C). We run both tests using 
codon data without assuming molecular clock (clock: 0), with codon frequencies 
estimated from the average nucleotide frequencies at the three codon positions 
(CodonFreq: 2), and including all sites (cleandata: 0). For each of the branch 
models, we used the following parameters: (1) one ω ratio model for all branches 
(model: 0, NSsites: 0, and fix_omega: 0), and (2) two ω ratios model for 
foreground (i.e., high Scope species or Clade D) and background (i.e., low Scope 
species or Clades A+B+C) branches (model: 2, NSsites: 0, and fix_omega: 0). We 
determined the best fitting model by comparing twice the difference in log-
likelihood between models (LRT) approximation to χ2 distribution with 1 degree 
of freedom. Each model was run three times with starting ω = 0.4, 1.0, and 2.4 to 
avoid problems resulting from local optima.  
 
RESULTS 
Phylogeny, Body Mass, Metabolic Parameters, and Sequence Divergence 
The supermatrix phylogeny (SPPF), Scope residuals (mass-corrected), 
body mass, AMR (mass-specific), RMR (mass-specific), and f ctorial scope of 54 
species of poison frogs is presented (Figure 4.1). The SPPF phylogen  is not 
different from larger phylogenies of the poison frog family (Grant et al. 2006; 
Santos et al. 2009). In general, our phylogeny includes the four well-supported 
clades: A (Allobates, Anomaloglossus, Aromobates, Mannophryne, and 
Rheobates), B (Hyloxalus), C (Ameerega, Colostethus sensu lato, Epipedobates, 
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and Silverstoneia), and D (Dendrobates and Phyllobates). Body mass and 
physiological parameters (AMR, RMR, Scope, and factorial scope) presented a 
high interspecific and low intraspecific variability (Figure 4.1 and Table 4.4). 
Sequence divergence from the extant species to the last common ancestor of all 
poison frogs was estimated for each gene, codon position, nonsynonymous (dN), 
and synonymous (dS) substitution distances (mitochondrial, Table 4.7; nuclear, 
Table 4.8). Phylograms and boxplots (mean, IQRs, and range) for each g ne, 
codon positions, and dN/dS distances were also estimated (Figure 4.2 and 4.3). 
 
Active Metabolism and Sequence Divergence Association 
We found evidence for a pairwise relationship between mass-specific 
active metabolic rate (AMR), Scope (Scope), factorial scope, with the substitution 
rate for nuclear or mitochondrial genes, codon positions, nonsynonymous (dN), 
and synonymous (dS) substitution distances (Table 4.1 and 4.2). The phylogenetic 
independent contrasts (IC) and GLS analyses showed a general agrement on the 
estimated correlation and their significance, but GLS was more c nservative. 
First, both methods fail to find associations (P > 0.05) between body mass and 
resting metabolic rate (RMR) with the molecular evolution of the sampled loci, 
condon positions, and substitution distances. Therefore, increases in scale (body 
mass) or minimal energetic cost (i.e., BMR or RMR) are not associated with 
changes in the rate molecular substitution in both nuclear and mitochondrial loci 
analyzed. Second, both methods fail to find associations (P > 0.05) between the 
active metabolic parameters (AMR, Scope, and factorial scope) with the 
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following segments: tRNAs V-L-M combined, ND1, NACA, POMC and ZFX 
segments. Therefore, increases in aerobic metabolism are not associated with 
changes in the rate molecular substitution in some the mitochondrial and nuclear 
loci. Third, both methods find associations (P < 0.05) between some active 
metabolic parameters (AMR, Scope, or factorial scope) with the following 
segments: (1) 12S rDNA ribosomal subunit with factorial scope; (2) BMP2 with 
AMR and Scope; (3) NT3 with factorial scope; and (4) TYR with factorial scope. 
Fourth, the IC analyses were more liberal than the GLS and showed significant 
association (P < 0.05) for the following segments: (1) 12S rDNA ribosomal 
subunit with AMR, Scope, and factorial scope; (2) 16S rDNA ribosomal subunit 
with AMR, and Scope; (3) CYTB with Scope; (4) ND2 with factorial scope; (5) 
BMP2 with AMR and Scope; (6) NT3 with factorial scope; and (7) TYR with 
AMR, Scope, and factorial scope. Therefore, IC support that increases in a robic 
metabolism are associated with increases in the rate molecular substitution in the 
ribosomal subunits, two of the proteins of the electron transport of the 
mitochondria, and some nuclear loci. Fifth, the GLS analysis only supported 
significant association (P < 0.05) between metabolic parameters and few 
segments: (1) 12S rDNA with factorial scope; (2) BDNF with AMR and Scope; 
(3) BMP2 with AMR and Scope; (4) NT3 with factorial scope; and (5) TYR with 
factorial scope. However, GLS indicated some tendency (i.e., 0.05 < P < 0.10) for 
positive association for most of the significant correlations found with the IC 
analyses. Therefore, GLS is more conservative than IC analyses, but both support 
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increases in aerobic metabolism associated with faster ratesof molecular 
substitution across mitochondrial and nuclear loci.  
We found support for positive association (P < 0.05) of some codon 
positions and active metabolic parameters: (1) the IC analyses suggested that the 
second position of the mitochondrial protein coding genes CYTB and ND2 was 
associated with AMR, Scope, and factorial scope; and (2) both methods (IC and 
GLS) suggested that the third position of the nuclear protein coding genes was 
associated with AMR, Scope, and factorial scope. We found no association 
between the first codon positions with active metabolic parameters. Our data 
support the association between higher aerobic metabolic parameters and faster 
rates of substitution for second (mitochondrial) and third (nuclear) nucleotide 
position. 
We found evidence of positive association (P < 0.05) between substitution 
distances and active metabolic parameters: (1) the IC analyses suggested that the 
nonsynonymous (dN) substitution distances of the mitochondrial protein codig 
genes CYTB and ND2 was associated with AMR and Scope; (2) the IC analyses 
suggested that the synonymous (dS) substitution distances of the mitochondrial 
protein coding genes was associated with factorial scope; (3) both methods (IC 
and GLS) suggested that nonsynonymous (dN) and synonymous (dS) substitution 
distances of the nuclear loci were associated with AMR, Scope, and factorial 
scope. Therefore, our data support the association between higher aerobic 
metabolic parameters and higher rates of nonsynonymous (dN) substitution 
distances in both nuclear and mitochondrial loci. 
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Variable Nonsynonymous/Synonymous Rate Ratio in Poison Frogs 
We tested the variability of nonsynonymous/synonymous rate ratios (ω) in
poison frogs. First, our estimates of the ω ratio of all genes analyzed (nuclear and 
mitochondrial) evidenced negative selection (i.e., ω < 1).  Second, we contrasted 
ω ratios of between high (positive residuals) or low (negative residual ) Scope 
species. Three loci (ND2, BMP2, and POMC) showed significant increase in the 
ω ratios of high Scope species that were 1.3-2.0 times more than low Scope 
counterparts (Table 4.3). Similarly, our analyses for the Dendrobates+Phyllobates 
(Clade D) against the remaining of the family (Clades A+B+C) supported the 
relationship between higher ω ratios in higher Scope species. Two main reasons 
support our conclusions: (1) Clade D contains > 59% (16/27 species) of all p ison 
frogs with high aerobic metabolic scope after mass-correction; and (2) 83% 
(15/18 species) of the members included in Clade D have high aerobic metabolic 
scope compared to the other major clades of poison frogs. Our analyses sugg ted 
higher ω ratios (i.e., 1.2-2.0 times) for Clade D compared to the rest of the poison 
frogs (Table 4.3). Clade D has significantly higher ω ratios than the rest of poison 
frogs for mitochondrial genes (CYTB, ND1, and ND2) and three of the nuclear 
genes (BMP2, POMC, and ZFX). Four of the nuclear genes (BDNF, NACA, 
NT3, and TYR) did not show evidence of higher ω ratio across the poison frog 
family. Therefore, our results suggest a tendency to have higher ω ratio for groups 
or lineages (i.e., high Scope species or Clade D) to have higher active metabolic 
parameters. However, other selective forces might be affecting the ω ratio (e.g., 
functional constraints) regardless if the species analyzed have high Scope or not. 
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DISCUSSION 
Molecular evolution is determined by the balance between mutation rate, 
substitution rate, and the likelihood of inheritance of molecular changes 
(Bromham 2009). Mutation rate is the speed at which sequence changes result 
from biochemical damage coupled with inefficient repair, DNA synthesis 
mistakes, or directed hypermutability (Bromham 2009; Graur and Li 2000; Pal et 
al. 2006). Thus, many factors synergistically influence the rate of molecular 
evolution at different levels of biological organization.   
Ectotherms have been assumed to have low rates of molecular evolution, 
but this might be an underestimation (Seddon et al. 1998). More comparative 
analyses on ectotherm lineages (e.g., Chelonia, Arthropoda, and Mollusca) are 
showing substitution rates comparable to endotherms (Caccone et al.2004; 
Lanfear et al. 2007). We also found a similar trend in poison frogs including 
significant variation in the rate of molecular substitutions across loci and genomes 
(mitochondrial versus nuclear). The mitochondrial protein coding genes have a 
higher transition to transversion (Ts/Tv) ratio of 3.8-4.2 compared to 1.5-3.0 of 
the nuclear loci (Table 4.3). The nuclear loci Ts/Tv ratios were comparable to 
nuclear loci among other vertebrates (Yang and Nielsen 1998). Therefore, poison 
frogs have a transition bias similar to other vertebrate mitochondrial DNA (Belle 
et al. 2005). We fail to find evidence for positive selection in both mitochondrial 
and nuclear protein coding genes. The rate of nonsynonymous/synonymous 
substitutions (ω) of each locus analyzed was < 1.0 suggesting negative selection 
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(Yang 1998). Therefore, the loci analyzed for poison frogs are within the variation 
among vertebrates in terms of their genomic origin and rate molecular evolution. 
Our analyses revealed new and corroborated some of established 
relationships between metabolic parameters, body mass, and molecular evolution 
for ectotherms. First, we found that the substitution rate is poison frogs have a 
significant positive association with mass-specific active metabolic parameters 
(AMR, Scope, and factorial scope). To our knowledge, our results are the first 
demonstration of the association between the active energy production and the 
rate of molecular evolution in ectotherms. Second, we found no significant 
association between rates of substitution with mass-specific resting metabolic rate 
(RMR). Our results support the lack of association between resting metabolic rate 
and substitution rate found in endotherms (mammals and birds) and other 
ectotherms (marine and terrestrial invertebrates) (Lanfear et l. 2007). Third, we 
found no significant association between rates of substitution with body mass. 
Previous reports have suggested a negative association between body size and the 
rate of molecular evolution in endotherms (mammals) and ectotherms (reptiles) 
(Bromham 2002; Welch et al. 2008). Two reasons might explain the discrepan y 
with our results: (1) the body size of poison frogs ranges 1-2 orders of magnitude 
(i.e., 0.1-10 grams), and (2) we use robust comparative analyses (i.e., independent 
contrasts and GLS analyses). However, other life history traits (e.g., generation 
time, lifespan, and fecundity) might need to be explored in the context of 
molecular evolution in poison frogs.  
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We found a significant variation on the degree of associations between 
active metabolic parameters and substitution rate of the mitochondrial loci 
analyzed. We found that the rRNA subunits (i.e., 12S and 16S) were significantly 
(P < 0.05) associated with active metabolic parameters.  Our reslts are not 
surprising as both mitochondrial genes are a mosaic of conserved (e.g., stems) and 
variable (e.g., loops) sequence motifs (Kjer 1995). Therefore, we expect different 
substitution rates to occur across these ribosomal genes based on their 
functionality and secondary structure in the ribosomal subunits (Hickson et al. 
1996). We found that the Val, Leu, and Met tRNAs combined matrix was not 
significantly (P > 0.05) associated with active metabolic parameters. Our results 
might be partially explained by the relatively slow evolving mitochondrial tRNA 
genes (Pesole et al. 1999). We found that the CYTB, ND1 and ND2 genes w r  
not significantly (P > 0.05) associated with most active metabolic parameters 
(CYTB was associated with Scope, and ND2 with factorial scope). The
substitution rate among the protein-coding genes is highly dependent on the 
functionality of protein regions (Pesole et al. 1999) and they might be und r 
strong purifying selection. Nuclear loci showed a significant variation on their 
relationships between molecular evolution and active metabolic parameters. Three 
segments (NACA, POMC, and ZFX) were not associated (P > 0.05) with active 
metabolic parameters. Four segments (BDNF, BMP2, NT3, and TYR) were 
associated (P < 0.05) with some of the active metabolic parameters. Thus, we 
found a significant variability in the association between the substitution rates and 
active metabolic parameters. Our results are not surprising as some nuclear and 
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mitochondrial genes vary on their substitution rate based on the purifying 
selection upon them (Hirsh and Fraser 2001; Meiklejohn et al. 2007). We expect 
that the substitution rate will be highly dependent on the likelihood of the 
oxidative radicals reaching the target genome (nuclear or mitochondrial), the 
mutation rate, and the DNA repair efficiency (Yakes and VanHouten 1997).  
Our analyses of the codon positions and nonsynonymous/synonymous 
distances varied in their association with active metabolic parameters. For the 
mitochondrial codon positions, first and third were not associated (P > 0.05) while 
the second was associated (P < 0.05) with active metabolic paramete s. Our 
results are in concordance with the expected frequency of changes for ach the 
codon position under selection. Specifically, the first codon positions are non-
degenerate sites (i.e., nucleotide changes causes aminoacid replacem nt) under 
strong negative selection (Graur and Li 2000; Rand and Kann 1998) and unlikely 
to be associated with active metabolic parameters. The second codon positions are 
non- to twofold degenerate sites (i.e., some nucleotide changes causes aminoacid 
replacements) under weaker purifying selection (Graur and Li 2000; Rand and 
Kann 1998) and likely to be associated with active metabolic parameters. The 
third codon positions are fourfold degenerate sites (i.e., nucleotide changes do not 
cause nucleotide replacement) under near neutral selection (Graur and Li 2000), 
saturated (i.e., multiple hits per site), and not associated with active metabolic 
parameters due to homoplasy. For the nuclear codon positions, first and seco  
were not associated (P > 0.05) while the third was associated (P < 0.05) with 
active metabolic parameters. Our results for the nuclear loci are in concordance 
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with the expectations for slow evolving sequences under selection. Specifically, 
the first and second codon positions are under strong purifying selection (Graur 
and Li 2000) and unlikely to be associated with active metabolic parameters. The 
third codon positions are near neutral (Graur and Li 2000), not saturated, and 
likely to be associated with active metabolic parameters. Mitochondrial and 
nuclear nonsynonymous/synonymous sites was associated (P < 0.05) with active 
metabolic parameters. Nonsynonymous sites evolve slower than synonymous 
(Pesole et al. 1999), but our results suggest that both sites accumulate more 
changes with higher active metabolic parameters. Therefore, ou  data predicts that 
active metabolic parameter relationships with codon positions and 
nonsynonymous/synonymous distances will depend on the genome, natural 
selection, and level of saturation. 
We found differences in the nonsynonymous/synonymous rate ratios (ω) 
between low and high Scope species. The contrast was more evident for the 
Dendrobates+Phyllobates (Clade D) against the rest of the family (Clade 
A+B+C). Six loci (3 mitochondrial and 3 nuclear) showed a significantly more 
nonsynonymous/synonymous substitutions in Clade D than the rest of poison 
frogs. The mitochondrial genes (CYTB, ND1, and ND2) are all involved in the 
electron transport chain and adapted to the metabolic demands of high aerobic 
capacity (Kurland and Andersson 2000). However, we found no evidence of 
positive selection (i.e., ω < 1), which suggests that nonsynonymous changes 
might be into functionally homologous aminoacids (Yang 1998; Zhang et al. 
2005). For the nuclear genes, we found evidence of two ω ratios for some genes 
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(BMP2, POMC, and ZFX) and only one ω ratio for others (BDNF, NACA, NT3, 
and TYR). Our results reflect the variability of the purifying selection expected 
across the nuclear genome (Yang and Nielsen 1998). Therefore, our results 
suggest that poison frogs have significant variability on the ω ratios, which might 
be related to active metabolic rates and other factors.  
Three main hypotheses explain the variability in rates of molecular 
evolution among lineages and genomes: generation times, longevity, and 
metabolic rates. Our results support the metabolic rate hypothesis for poison 
frogs, which predicts a link between higher metabolic rates and faster molecular 
evolution (Martin et al. 1992{Gillooly, 2005 #10531).  However, we propose a 
modified version based on mass-specific active metabolic rate (AMR) and not in 
the basal metabolic rate (BMR or RMR) for ectotherms. The use of active 
metabolic rates is supported for the following reasons: (1) AMR is a better 
estimate of the potential of energy generation by the species (Schmidt-Nielsen 
1984); (2) AMR is closer to the actual energetic cost under natural conditions 
rather than the artificial resting state imposed to measure RMR (Gatten et al. 
1992); and (3) AMR are species specific, requires actual empirical me surements, 
and they cannot be approximated by allometric proxies derived by body mass and 
temperature alone (e.g., Gillooly et al., 2005 (Gillooly et al. 2005)). Some 
assumptions of the AMR metabolic rate hypothesis are: (1) the oxygen intake 
during physical activity is associated with production of oxidative fre  radicals; 
(2) the cellular respiration during physical activity is associated with DNA 
damage at the cellular level;  (3) DNA repair efficiency is dependent on AMR and 
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the actual energetic cost of life history traits (e.g., foraging ecology, home range, 
reproductive effort); and (4) the oxidative free radicals produced by AMR are 
responsible of both nuclear and mitochondrial mutation rates. Limitations of the 
AMR-metabolic rate hypothesis are also similar to those of the original based on 
BMR (Lanfear et al. 2007). Some of these limitations are: (1) mutation rates is 
directly associated metabolic rates; (2) mitochondrial respiration produces free 
radicals that damage both nuclear and mitochondrial genomes; and (3) oxidative 
radical production is not decoupled from oxygen intake during physical activity. 
Thus, we propose the AMR-metabolic rate hypothesis of substitution rate for 
ectotherms (e.g., poison frogs). However, molecular evolution is multifactorial 
and includes oxidative damage by free radicals, effectiveness of DNA repair, life 
history traits, and the loci of interest (e.g., organellar or nuclear). More data on 
generation time, fecundity, longevity, and other life history variables are 
necessary to understand the molecular evolution in poison frogs. 
Molecular clocks or the constancy of rates of nucleotide substitutions 
across lineages and genes (Kumar and Hedges 1998) has been proposed as a 
derivation of the metabolic hypothesis of molecular evolution (Martin and
Palumbi 1993). Our data suggest a significant variation on the rates of molecular 
evolution, which rejects a molecular clock. However, we found that active 
metabolic rates are more likely to influence the variation on the rate of molecular 
substitutions in poison frogs and possibly other ectotherms. 
We found a significant increase in the rate of molecular evolution in 
poison frog species that have high active metabolic rates. Our results are robust 
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against phylogenetic non-independence due the general agreement between 
independent contrasts (IC) and phylogenetic generalized least squares (GLS) 
analyses. Our data show a great variability on the rate of substitutions depending 
on the loci. Mitochondrial ribosomal genes tend to have higher rates of 
substitution compared to tRNAs or the protein coding genes analyzed (CYTB, 
ND1, and ND2). Nuclear loci are under strong purifying selection, but showed 
high variability on rate of molecular evolution as expected. Some nuclear loci 
(BDNF, BMP2, NT3, and TYR) showed that their substitution rates ar positively 
associated with active metabolic parameters. However, more loci (e.g., introns) 
are needed to validate our conclusions and the role of active metabolic parameters 
on molecular evolution. We proposed a modified version of the metabolic 
hypothesis based on the active metabolic rate. Physiological and genomic data of 













Table 4.1: Correlations and significance of the mitochondrial genes, codon 
positions, and synonymous (dS) / nonsynonymous (dN) estimated 










Table 4.2: Correlations and significance of the nuclear genes, codon positions, 
and synonymous (dS) / nonsynonymous (dN) estimated substitution 










Table 4.3: Model test results and estimates of the nonsynonymous/synonymous 
















Table 4.4: Metabolic measurements and body mass (mean, standard error, and 











Table 4.6: Model parameter specification for mitochondrial and nuclear genes 











Table 4.7: Sequence divergence (branch length) from the mitochondrial genes 
codon positions, and nonsynonymous (dN) / synonymous (dS) 







Table 4.8: Sequence divergence (branch length) from the nuclear codon 
positions, and nonsynonymous (dN) / synonymous (dS) substitutions 
of extant species to the last common ancestor of all poison frogs. 
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Figure 4.1: Phylogeny of the poison frogs, Scope (standardized residuals), body 
mass, RMR, AMR, and factorial metabolic scope of the poison 
frogs. Aerobic metabolic scope standardized residuals were 
determined by linear regression of the log-metabolic scope versus 
log-body mass. Ancestral reconstructions of low and high Scope 
were traced over the supermatrix phylogeny and total raw likelihood 
are indicated by pie charts (blue, high Scope; and white, low Scope). 
Support values in the phylogeny correspond to the summary of 500 
maximum likelihood non-parametric bootstraps estimated with 




Figure 4.2: Box plots of the tip-to-root branch length and phylograms from each 
of the genes of the mitochondrial and nuclear loci. Blue boxplots and 
branches with stars on their tips represent a species with high Scope 
(positive residuals) determined after regressing Scope with body 
mass. White boxplots and black branches represent a species with 
low aerobic scope (negative residuals). Arrow indicates the position 
of the root of the tree. Mitochondrial gene abbreviations are 12S and 
16S rDNA genes (12S and 16S); Valine, Leucine, and Methionine 
tRNA genes (tRNAs V-L-M); NADH subunit 1 (ND1); NADH 
subunit 2 (ND2); and Cytochrome b (CYTB). Nuclear gene 
abbreviations are brain-derived neurotrophic factor (BDNF); bone 
morphogenetic protein 2 (BMP2); NCX1 sodium-calcium exchanger 
1 (NACA); 3’-nucleotidase (NT3); proopiomelanocortin A (POMC); 
tyrosinase precursor (TYR); and zinc finger E-box binding 





Figure 4.3: Box plots of the tip-to-root branch length and phylograms from the 
codon positions, nonsynonymous (dN) and synonymous (dS) 
substitution distances of the mitochondrial and nuclear loci. Codon 
positions for the mitochondrial loci correspond to the CYTB and 
ND2 combined sequence matrices. Codon positions for the nuclear 
loci are for the all genes combined sequence matrices. Blue boxplots 
and branches with stars on their tips represent a species with high 
aerobic scope (positive residuals) determined after regressing Scope 
with body mass. White boxplots and black branches represent a 
species with low aerobic scope (negative residuals). Arrow indicates 
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